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Preface 


It was metric wave radar that became my research topic when I started my work 
more than 20 years ago. The idea to write this book relates to the International 
Radar Conferences that I attended. The International Conferences on Radar were 
held in China, America, Britain, France, and Australia in turn. The 2013 
International Conference on Radar was held in Adelaide, Australia. About 300 
radar experts and scholars from more than 20 countries and regions attended this 
conference. In the a.m. of the opening ceremony day, I and Professor Griffiths, a 
famous British radar expert, were arranged to give plenary meeting reports. The title 
of my report was “Some Issues in the Development of Metric Surveillance Radar”. 
In the report, I introduced my technological research efforts and some experimental 
results achieved in advanced metric wave radar. And, the communions were also 
conducted with the conference representatives. The report aroused strong responses. 
Australian Defense Magazine (ADM) issued a special report titled as “Radar smarts 
on show in Adelaide”, with emphasis on what I reported. The 2014 International 
Conference on Radar was held in France, and the theme of conference was “Catch 
invisible”. On invitation of the honorary president of this International Conference 
on Radar, Francois Le Chevalier, I gave a plenary report titled as “Research on 
Improvements of VHF-band Radar Performance”. The report described metric 
wave radar how to overcome multipath effects and improve height finding 
performance in complex environment, as well as the novel methods to make metric 
wave radar have a certain target recognition capability under narrowband condition. 
My report also aroused great responses. During the conference, some famous radar 
experts, including the honorary president, Francois Le Chevalier, made deep 
discussions with me on some relevant problems about metric wave radar. They all 
showed great interests. 

Attended the International Conference on Radar two times, I realized that the 
international radar community is interested in anti-stealth technologies, and the 
development and advancement of advanced metric wave radar. In future, this field 
will become one of the research hotspots of the international radar community. By 
looking up the sci-tech books at home and abroad, no book concerning this aspect 
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has been found. Therefore, an idea burgeoned in my mind to write a book about 
advanced metric wave radar for readers. 

“Advanced metric wave radar”, different from traditional metric wave radar, is a 
new type of metric wave radar, where the major problems of traditional metric wave 
radar have been solved by using the novel theory, idea of system design and by 
combining the applications of new methods, such as modern array signal 
processing, etc. In the past, metric wave radar was considered to be simple and 
backward because it not only failed to measure height owing to its poor mea- 
surement accuracy but also had large low-elevation blind zone and discontinuous 
coverage resulting from its beam cocking-up and beam splitting due to ground 
reflection. At one time, the radar experts widely considered that high frequency 
band radar would be the direction of radar development. Even more, the Western 
countries have gotten rid of the development of metric wave radar on one occasion. 
The need to counter stealth aircraft brings a new chance of developing metric wave 
radar. Metric wave radar has advantages in both countering stealth in frequency 
band and large power-aperture product at relatively low cost. With the superposi- 
tion effect of the two factors, metric wave radar can achieve a gain of 40dB above in 
detecting stealth aircraft under the condition of equivalent cost in comparison with 
microwave frequency band radars, for example, S-band radar. If the main problems 
of metric wave radar mentioned above are overcome, metric wave radar can 
become the backbone anti-stealth equipment. That is to say, an economic and 
effective anti-stealth technological path can be found. 

However, the problems of traditional metric wave radar lasted over a long period 
of time and the relative recognitions were also deepseated. Taking the height 
finding of metric wave radar as an example, the previous viewpoints of many 
experts were that metric wave radar could not realize accurate height finding due to 
its severe beam deformation resulting from ground reflections. And, the 
super-resolution techniques are not used successfully in radar for a long term 
because the radar community generally considers that the super-resolution algo- 
rithms require such a high signal-to-noise ratio that radar cannot meet the 
requirement. Also, the traditional thinking believes that metric wave radar certainly 
has poor low-elevation performance due to its beam cocking-up, so that it can be 
used only as middle and high-altitude detection radar. To solve the problems of 
metric wave radar, first, we should dare to break the bondage of traditional thinking 
and seek breakthrough by innovation. I started to bend myself to the research on 
metric wave radar anti-stealth technologies at the beginning of 1990s. On the basis 
of my investigations and experimental results, I have concluded that the most root 
cause resulting in the above problems of traditional metric wave radar is that the 
serious ground or water multipath interference existing in metric wave band cannot 
be well solved. During the research of more than 20 years, I and my team have 
gradually explored and formed our theory and method. I call them “Multiple phase 
centers” theory and “Multi-freedom terrain matching” theory. The former means 
that multiple sufficiently separated independent phase centers are used to comple- 
ment and smooth multipath interference fringes, which supports and produces a 
multi-phase-center radar system. It is a new system, and I call it “Synthetic impulse 
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and aperture radar”. For details, please read the monograph Synthetic Impulse and 
Aperture Radar (SIAR)—A Novel Multi-Frequency MIMO Radar, which has been 
written cooperatively by me and Professor Chen Baixiao. The latter means that the 
flexibility brought by multiple independent transmit/receive channels of array 
antenna, namely multi-freedom, is utilized to realize good terrain matching, which 
can improve the multipath interference fringes. Along this direction, we have 
explored the partitioned reshaping beam design methods to solve the problems 
about low-elevation blind zone and airspace coverage discontinuity. By keeping 
experiments and modifications, these methods can adapt well to various terrain 
environments so as to make metric wave radar glow with new vigorous vital force. 
The book summarizes our scientific research practices and gives emphasis to the 
novel methods and designs aiming at increasing the height finding accuracy and 
improving the coverage performance of metric wave radar. The experiment results 
are given. 

To break the limit set by the narrow absolute bandwidth of metric wave radar 
and further bring the potential of metric wave radar into play, the book arranges a 
chapter to devote the narrowband target recognition methods suitable for metric 
wave radar, along with relevant experiment results. Aiming at the particular 
interference environment faced by metric wave radar, a special topic is established 
in this book to study the anti-interference methods for metric wave radar. The book 
gives a special discussion on the cooperative detection of metric wave radar net- 
work. Furthermore, the book also gives detailed descriptions of antenna mechanical 
structure design, antenna techniques, and transmit/receive techniques of metric 
wave radar. The theories, methods, and technologies introduced in this book are 
also applicable to UHF radar. 

The author thanks Professor Chen Baixiao, Researcher Hu Kunjiao, Doctor 
Yang Xueya, Doctor Zhu Wei, Doctor Tian Xilan, Researcher Hu Yuankui, 
Researcher Sun Shaoguo, Researcher Wang Bing, Senior Engineer Wang Mei, 
Researcher Zhu Qingming, and Doctor Liu Guanghong for their help in writing this 
book. The author would also like to thank Academicians Wang Xiaomo and Lu Jun 
for their comments on the manuscript. 


Hefei, China Jianqi Wu 


A Brief Introduction to This Book 


The advanced metric wave radar presented in this book is a novel metric wave 
radar, which is different from traditional metric wave radar. The advanced metric 
wave radar is based on active electronic scanning array (AESA) or digital array 
(DA) radar technology. With new theory, method, and system design idea, as well 
as modern array signal processing technique, the advanced metric wave radar can 
solve the major problems of traditional radar and achieve a leap in the performance 
of metric wave radar. 

In this book, the author gives a systemic description of the advanced metric radar 
in combination with engineering practical application. A comprehensive introduc- 
tion to the advanced metric wave radar techniques is also given from the theory and 
method to solve the major problems of metric wave radar to system design, 
antenna/feed, transmitting/receiving subsystem, and mechanical structure design. 
As the emphasis, the methods to solve large blind zone and discontinuity in 
detection coverage and the height finding method of metric wave radar are studied. 
Moreover, this book gives detailed accounts of how to use the super-resolution 
technique for solving the low-angle height finding problem in metric wave radar. In 
addition, as for the unique jamming environment faced by metric wave radar, the 
anti-jamming method is introduced. In order to cope with the limitation of narrow 
absolute bandwidth in metric wave radar and further exploit the potential of metric 
wave radar, a special introduction to narrowband target recognition method is 
given. About the metric wave radar netting, the cooperative detection is covered in 
this book. Finally, the main experimental results are shown. The theories, methods, 
and technologies researched in this book are also applicable to UHF radar. 

This book is intended for the professional engineers as well as the graduate 
students who engage in radar system engineering, electronic engineering, and signal 
processing. 
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Chapter 1 A) 
Introduction E 


1.1 Anti-stealth and Metric Wave Radar 


The first radar system was born in World War II, which was invented and used by the 
British. The radar system changed British-German air warfare situation and had a 
major influence on the outcome of the warfare between England and Germany. From 
then the development of radar has progressed from lower frequency range to higher 
frequency range because the higher the radar frequency is, the easier the measurement 
precision of radar can be achieved. In the past, it was widely believed that the high 
frequency radar is an inevitable trend of radar development. For a long time, the 
metric wave radar has been even abandoned by the western radar community. 

The stealth targets put forward a severe challenge to the development of radar 
technology. On December 19, 1989, the F-117A Stealth Fighter was first used in 
combat during operation JUST CAUSE in Panama. F-117A was again called into 
action during Operation DESERT SHIELD STORM in 1990-91. The combination 
of stealth aircraft with precision attack set the tone for the modern air force. Since 
the fifth-generation fighters such as F22, F35 entered service in batches as well as the 
rise of stealth bombers and stealth unmanned aerial vehicle (UAV), the capability of 
traditional radar network was near to be reset. Compared with the fourth-generation 
fighter, the Radar Cross Section (RCS) of the fifth-generation fighter has decreased 
about by 2-3 orders of magnitude in microwave band. According to the radar equa- 
tion: 


Rinax = PavAeoEj(n)F't, /(427kT oF, (S/N),L,Q) (1.1) 


where o is the Radar Cross Secton (RCS), when o has decreased by 2-3 orders of 
magnitude, the power-aperture product of radar P should increase correspondingly 
by 2-3 orders of magnitude for the same distance if the operating frequency and other 
conditions remain unchanged. How much will the cost of the radar increase accord- 
ingly? For convenience and intuition, we assume that the radar antenna is a planar 
array with the rectangular aperture, and the receiving array shares the same aperture 
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and the same element number with the transmitting array. In order to increase the 
power-aperture product 200 times, the element number of the radar must be increased 
14 times. Considering the proportion between the element number and the whole sys- 
tem cost, it can be concluded that the whole system cost of radar will increase about 
one order of magnitude. In the operation cost, only the power consumption will also 
increase one order of magnitude. If the anti-stealth performance is achieved com- 
pletely by increasing the power-aperture product, it’s a huge financial burden for 
updating and operating the whole radar network. 

It’s the most direct and efficient measure to detect the stealth aircraft by low- 
frequency radars with their metric and even longer wavelengths because the Rayleigh 
scattering or the resonance scattering of electromagnetic waves are not sensitive to the 
aircraft configuration, and the absorbing properties of the radar absorbing coating 
are limited by the relationship between thickness and wavelength. After a lot of 
calculation, simulation and test analysis, it’s generally acknowledged that the radar 
cross section (RCS) of a stealth aircraft on metric wave frequency bands is about 
2-3 orders of magnitude greater than on microwave frequency bands. It’s called 
the anti-stealth frequency advantage of metric wave radar. In addition, compared to 
the microwave radar, the metric wave radar also has a most significant advantage 
in the power-aperture product. To illustrate this point, let’s make a comparison. By 
assuming their costs are equal, we can compare a metric wave radar at 300 MHz witha 
S-band microwave radar at 3000 MHz so as to see how different their power-aperture 
product is? For simplicity, we assume that they are the active phased array radars 
with the planar rectangular aperture antenna, where the number of radar elements 
(channels) determines the complexity of radar and also the cost of radar. For larger 
phased array radar, the cost of the active array and the processing equipments such 
as the A/D converter, data transmission and data processing equipments contribute 
to more than 80% of the total cost of the radar. Calculated by 80%, we can draw a 
conclusion that the antenna area of the metric wave radar is 80 times the size of the 
microwave radar antenna at the same cost. The next thing to consider is the effective 
radiated power. Statistically, the cost of unit radiant power for the final stage power 
transistor at metric wave band is about a quarter compared to S-band power transistor, 
and the cost of unit radiant power for whole transmit channels is no more than one- 
third compared to S-band power transistor. This means that the power-aperture of 
metric wave radar is 240 times larger than the S-band microwave radar at the same 
cost, up to 2 orders of magnitude. For the stealth aircraft, the overall advantages 
of the frequency and the power-aperture product together can be achieved above 4 
orders of magnitude. The metric wave radar can counteract the effects of the reduced 
warming time caused by the supersonic cruise stealth aircraft since it can not only 
counteract the effects of the reduced RCS of stealth aircraft but also double nearly 
the radar detection range. 

Besides, the metric wave radar may also offer many advantages, such as no clutter 
interference from cloud and rain, weaker clutter interference from ground and sea 
relative to the microwave radar, lower Doppler ambiguity and effective anti-ARM 
ability. 
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1.2 The Major Problems in Metric Wave Radar 


Then, can we solve the anti-stealth problem by just using metric wave radar to 
replace microwave radar? This is not so simple. The traditional metric wave radar 
has the serious problems such as inaccurate height finding, discontinuous coverage, 
large low-angle blind zone, and poor site adaptability. This is why the West has 
abandoned the development of metric wave radar for a long time. If these problems 
cannot be solved, the metric wave radar acts as only a complementary instrument 
rather than backbone equipment. Conversely, all of these problems can be solved 
so as to achieve high measurement accuracy, good terrain environment adaptability, 
nice low-altitude coverage performance, and etc., then the metric wave radar can 
be used as the backbone radar in air defense network and take on the anti-stealth 
responsibility. 

What is the ultimate cause of these problems that make metric wave radar dif- 
ferent from microwave radar? At microwave frequency band, the roughness of the 
earth surface causes strong diffuse reflection and the surface vegetation has high 
absorptivity, so that the reflection coefficient is small. Additionally, the microwave 
antenna has narrow beam, which makes it possible to use the direction selectivity of 
the antenna for further suppressing multipath signal, thus the multipath effect is not 
very severe in many conditions. However, at metric wave frequency band, there is a 
very great earth surface reflection coefficient, which even approaches to 1. The mul- 
tipath component and the direct arrival component are comparable. The metric wave 
antenna has wide beam at elevation, which makes it impossible to use the direction 
selectivity of the antenna for rejecting multipath signal. Therefore, the multipath 
effect is very serious in various terrain conditions. There exists strong coherence 
between multipath signal and direct arrival signal, and the coherently-superposed 
interferences at some angles may enlarge the detection range significantly. At the 
same time, the destructive interferences at other angles may greatly shorten the detec- 
tion range, resulting in discontinuous airspace coverage. Moreover, the destructive 
interference makes the low-elevation coverage performance more worse. Multipath 
interference destructs the lobe configuration of antenna, which makes the conven- 
tional amplitude-comparison/phase-comparison methods inoperative, so it is unable 
to do the measurement of target height. 

Furthermore, numerous civil and commercial services have crowded in metric 
wave frequency band and its neighboring frequency bands, such as television, FM 
broadcasting, and etc. The external noise level entering into radar via its antenna 
is higher than that in microwave frequency band. The frequency spectrum width of 
radar is narrow in general, its target discrimination and recognition capabilities are 
poor. Also, wide antenna beamwidth brings difficulty in realizing low sidelobe and 
results in weak anti-interference capability. 
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1.3 The Development of Metric Wave Radar in China 


Since 1930s, the development of metric wave radar has experienced a palingene- 
sis, from naissance to early flourishing, gradual decline, and then growing up once 
again. As described above, metric wave radar has a number of unique merits. In 
history, metric wave radar was attached importance and found wide applications like 
microwave radar. However, because of its so many demerits, it was thought as a type 
of radar with poor performance, namely, it was used only for surveillance rather than 
guidance, which has limited the development of metric wave radar. For many years, 
the United States as well as many NATO countries have already eliminated metric 
wave radar, except that Russia and some of the former Warsaw Pact countries still 
use many metric wave radars in their early warning systems. 

From 1950s to 1960s, the former Soviet Union developed and deployed a great 
number of metric wave radars. But in 1970s and 1980s, most of these radars were 
replaced by S-band radars with higher accuracy and performance. Many old metric 
wave radars were sold or presented to the countries of the Third World. At the end of 
20th century, Kosovo War broke out. F-117A stealth aircraft was shooted down by 
SAM missile. It was believed that P18 metric wave radar (Fig. 1.1) played a key role 
in finding and tracking target. After this, the business that solid-state technology and 
digital processing technique were used to modify metric wave radar proliferated in 
Russia. In recent years, metric wave radar was focused and developed again, which 
is considered as an important technical reversion. 

In the family of metric wave radars, the most of them are two-dimensional radars 
and mechanical scanning radars. No report is seen so far about the Western countries 
developing and deploying metric wave three-dimensional radar. The most famous 


Fig. 1.1 P18 metric wave radar 
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metric wave radar in Russia is “Nebo” UE (Fig. 1.2). It includes a horizontal antenna 
and a height finding antenna. The horizontal antenna is responsible for searching 
and finding target as well as measuring the azimuth and range of target, whereas the 
height finding antenna is used to measure the height. The radar uses two fan beams 
rather than pencil beam to realize three dimensional measurements, so that, in strict 
meaning, it is not a real modern three-dimensional (3D) radar. The radar still has the 
defects of traditional metric wave radar. 

The follow-up metric wave 3D radars of “Nebo” family mainly include “Nebo” 
SVU, “Nebo” M RLM-ME, and “Nebo” UME. All of these radars adopt active 
phased arrays. According to the report by Russian media in October, 2013, Nizhniy 
Novgorod Research Institute of Radio Engineering (NNIIRT) has developed a new 
dual-band 3D early warning radar, named as “Nebo” UME (Fig. 1.3). It uses metric 
wave band to measure range and L-band to measure height. Thus, it can be inferred 
that, in Russia, although the new metric wave 3D radar adopts active phased array, 
the issues in metric wave band are not well solved, still needing other assistant height 
finding measures. 

Influenced by the former Soviet Union, a number of metric wave radars have 
been held for a long time in China, including shipboard and ground-based radars. 


Fig. 1.2 “Nebo” UE 
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Fig. 1.3 “Nebo” UME 


After 1990s, some backbone ones among these radars have been updated by use of 
full solid-state, digital signal processing, and computer techniques. But there are all 
two-dimensional (2D) radars, as shown in Fig. 1.4. Entering into the 21st century, 
China has set up projects to develop modern metric wave 3D radars. These radars 
were deployed from 2010. At the same time, JY-27A metric wave 3D radar for export 
was developed and produced, as shown in Fig. 1.5. 


Fig. 1.4 Chinese 107D metric wave radar 
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Fig. 1.5 Chinese JY-27A metric wave 3D radar for export 


1.4 Development of Direction of Metric Wave Radar 
and Theory and Method of Advanced Metric Wave 
Radar 


Metric wave possesses a unique advantage in countering stealth but the traditional 
metric wave radar also has obvious disadvantages. Can we find out effective technical 
approaches that not only bring into play the advantages of metric wave radar but also 
solve the major problems of the traditional radar so as to make metric wave radar 
glow with vital force and play the main role in modern air defense and surveillance 
system again? If we can, metric wave radar will have not only excellent performance 
but also low purchase cost and operational cost, which will realize an economic and 
effective anti-stealth approach. This is a huge attraction, drawing the development 
of metric wave radar. 

Nevertheless, the problems of traditional metric wave radar lasted over a long 
time, and the relative recognitions were also deepseated. For example, the previous 
viewpoints of many experts for the height finding of metric wave radar, were that 
metric wave radar could not realize accurate height finding due to its severe beam 
deformation resulting from ground reflections. And, the super resolution technique 
has not been used successfully in radar for a long term, because the radar community 
generally considered that the super resolution algorithms require such a high signal- 
to-noise-ratio that radar cannot meet the requirement. Also, the traditional thinking 
believed that metric wave radar certainly has poor low-elevation performance due to 
its lobe cocking-up, so that it can be used only as middle and high-altitude detection 
radar. To solve the problems of metric wave radar, firstly we should dare to break the 
bondage of traditional thinking, and seek breakthrough by innovation. The theory 
and method of advanced metric wave radar emerge as the times require. 

Now that the ultimate cause resulting in the problems of metric wave radar is mul- 
tipath interference, then the direction of solving the problems is how to eliminate the 
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influences due to multipath interference. Being a single-phase center system, the old 
metric wave radar had fixed and baneful multipath interference fringe. If metric wave 
radar can operate in multiple phase centers and has an enough separation between 
the phase centers, multiple sets of different interference fringes can be formed. They 
are complementary and produce smoothing effect. If the number of phase centers 
is sufficient, there is a trend to free-space detection coverage performance. We call 
it “multiple phase centers” theory and method. The metric wave radar, developed 
according to this theory and method, is suitable for stationary rather than mobile 
operation because of its many large and independent antennas. 

To solve the mobile operation problem, being established in single phase center, 
the utilization of the flexibility brought from multiple independent transmit/receive 
channels of array antenna (called freedom in array signal theory) makes antenna 
performance match with efficiently practical terrain so as to change the baneful mul- 
tipath interference fringes. In this book, it is known as “multiple-freedom terrain 
matching” theory. Based on this theory, we have explored “partitioning beam shape 
keeping” and “terrain matching super resolution height finding” methods for solving 
the three problems of metric wave radar: large low-elevation blind zone, discontin- 
uous detection coverage, and poor height finding accuracy. 

Other than the above problems, the anti-interference of metric wave radar is also 
an important issue. The anti-interference of metric wave radar itself has particular- 
ities: congested frequency band, severe electromagnetic environment interference 
and strong sky noise interference at low frequency band. In receive chain, the hybrid 
design of multiple measures, such as preselection filtering, anti-aliasing narrow- 
band filter bank, and high-performance digital filtering, can effectively suppress the 
electromagnetic environment interference. When the operating frequency is below 
100 MHz, there is a great influence of sky noise, mainly composed of galaxy noise 
and sun noise, which has obvious directivity and can be rejected by use of spatial 
filtering method. As far as countering enemy jamming is concerned, the compre- 
hensive countermeasures involving low intercept probability, spatial filtering, and 
jamming elimination can be taken. Low sidelobe beam agile scanning, protecting 
pulse, low pulse power waveform, and etc., are the efficient means to counter inter- 
cept. Large dynamic range and multi-freedom adaptive sidelobe cancellation can 
be counter strong noise jamming. Pulse jamming can be suppressed by sidelobe 
blanking, jamming recognition and elimination. For further removal of jamming, the 
methods, such as multi-frame data correlation, multi-parameter (velocity, position, 
and etc.) correlation filtering, can also be used. 

There is another important issue, that is target recognition. In metric wave band, 
absolute majority of wideband recognition methods cannot be used due to narrow 
absolute bandwidth, so that metric wave radar mainly adopts narrow band recog- 
nition methods. Making use of target motion characteristics and such characteristic 
quantities as waveform modulation, resonance, polarization, and so on, there are 
many methods suitable for target classification and recognition. The experiments 
show that very high recognition probability can be achieved. 

The advanced metric wave radar introduced in this book is based on active elec- 
tronic scanning array (AESA) or digital array (DA) radar technology. Using novel 
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theory and system design idea, and combining with modern array signal processing 
technique, the main problems of traditional metric wave radar can be overcome, 
resulting in new efficient metric wave radar. 


Bibliography 


. Randy L. Haupt, Yahya Rahmat-Samii. Antenna array Developments: A Perspective on the 


Past, Present and Future[J]. IEEE Antennas and Propagation Magazine, 2015, 57(1):86—96. 


. Carlo Kopp. Russian VHF Counter Stealth Radars Proliferate[J]. Defense Today, 2008:32-36. 
. Balajti I, Kende Gy, Sinner Ed. Increased Importance of VHF Radars in Ground-Based Air 


Defense[J]. IEEE Aerospace and Electronic Systems Magazine, 2012, 27(1):4—-18. 


. Cherneyak V S, Immoreev I Ya, Vovshin B M. Radar in the Soviet Union and Russia: A Brief 


Historical Outline[J]. IEEE Aerospace and Electronic Systems Magazine, 2003, 18(12):8—12. 


. Barton David K. Recent developments in Russian Radar Systems[C]// Proceedings of the 1995 


IEEE International Radar Conference, 1995:340-346. 


. Zachepitsky A. VHF (Metric Band) Radars from Nizhny Novgorod Research Radiotechnical 


Institute[J]. IEEE Aerospace and Electronic Systems Magazine, 2000, 15(6):9-14. 


. Carlo Kopp. Advances in Russian and Chinese Active Electronically Steered Arrays 


(AESAs)[C]// IEEE 2013 International Symposium on Phased Array systems & Technology, 
2013:29-42. 


. Skolnik M. Radar Handbook[M]. Third Edition, 2008. 
. Skolnik M. Introduction to Radar Systems[M]. Third Edition, 2001. 
. Chen Baixiao, Wu Jianqi. Synthetic Impulse and Aperture Radar (SIAR): A Novel Multi- 


Frequency MIMO Radar[M]. Singapore: John Wiley & Sons Singapore Pte Ltd, 2014. 


. Wu Jianqgi, Xu Jin. Some Issues in the Development of Metric Surveillance Radar[C]// 2013 


International Conference on Radar, Adelaide, SA: IEEE, 2013:6—-10. 


. Wu Jiangi. Anti-Stealth and Development of Advanced Metric-Wave Radar[J]. Radar Science 


and Technology, 2015, 13(1):1+4. 


. Wu Jiangi, Yang Xueya. Novel Height Finding Technique Based on Spatial Filtering in Meter- 


wave Radar[J]. Modern Radar, 2015, 37(3):1-4. 


Chapter 2 A) 
Target Characteristics in Metric Wave cicit; 
Band 


2.1 Overview of Stealth Technologies 


Since engaging in its first actual battle, the stealth aircraft has appeared for 25 years. 
During this period, the U.S. armed force put its stealth aircraft into the several local 
wars launched by America and excellent operational efficiency was achieved. The 
most famous stealth fighters are F-117A, F-22, and F-35. Among them, the F-22 and 
F-35 have not only stealth performance, but also supersonic cruise, super-maneuver, 
and beyond-light-of-sight (BLOS) attack capabilities. In addition, the U.S. also pos- 
sesses B2 stealth strategic bomber and many types of stealth UAV. Russia, China, 
and India develop their stealth aircraft one after the other. And many countries have 
developed and equipped various stealth UAVs. The age of stealth aircraft is coming. 

The essential idea of stealth is to reduce the detectable signal features of air flight 
objects so as to shorten the detection range of the enemy sensor. The signal features of 
the most significance are radar cross section (RCS), RF radiation signal feature, and 
infrared signal feature. Radar and passive radiation location system can penetrate 
cloud and rain, but the infrared signal disables. So that these signal features are 
commonly considered to be more important than thermal feature. 

In order to achieve full “stealth” effect, combined technologies should be adopted. 
Low interception probability technology can be used to decrease the active radiation 
from airborne radar and data link. By using of very wideband frequency hopping, 
noise-like modulation, and time or pattern pseudo-random sweeping, the low inter- 
ception probability technology makes the detection of its radar and data link/network 
radiations become very difficult. Modern AESA (active electronically scanned array) 
radars have the capability of hopping over kMHz or greater bandwidth and use spread 
spectrum modulated pulse train. They are almost invisible for the radar warning sys- 
tem that uses crystal video frequency receiving technique. 

As for stealth technology, how to decrease the radar signal features of aircraft 
and missile is a greater challenge. The most outstanding is that the enemy radar can 
operate across multiple frequency bands, wavelength going from about ten meters 
till to one centimeter or less. This becomes a very great difficulty for the two main 
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technologies to produce stealth capability, that is, the shape design technology and 
the wave absorbing material technology. 


(1) Shape stealth 


Under the condition of satisfying the aerodynamic requirement of aircraft, the shape 
stealth means that the energy reflected from target to radar is minimized by designing 
or selecting target’s surface shape, profile, and edge. The main forms of radar stealth 
shape design used currently are: 


(1) Airframe-wing, airframe-cockpit fusion and integration. 

(2) Skin edges and blocks are required to be parallel in space so as to make the 
energy reflected from aircraft be centralized at only several directions and very 
weak at other directions, resulting in very narrow three-lobe reflection pattern 
or four-lobe reflection pattern. 

(3) Wing and airframe are fully fused into an integrated flying wing. 

(4) Angular cone-shaped aircraft nose, polyhedron airflame, and low winglet only 
produce weak radar echoes with instantaneous flicker. 

(5) Canted twin-vertical tail, V-shape tail or no tail. 

(6) Stealth antenna radome, planar phased array antenna. 

(7) Flush-mounted conformal phased array antenna. 

(8) Retractable radio communication and navigation antennas. 

(9) Removing all external stores and their pylons, for example, external weapons, 
pods, and auxiliary fuel tanks. 

(10) Engines are mounted in semi-buried or full in-airframe and in-wing mounting 
modes. 

(11) Adopt conformal inlet, sawtooth lip, adding inlet screen grid or metal net mash. 

(12) Adopt S-shaped inlet and shelter inlet and exhaust nozzle by use of airframe 
or empennage. 


Shape stealth is the major measures for reducing RCS. However, it will sacrifice 
the weapon loading capability and even decrease the aircraft maneuverability and 
agility. 

It can be seen through the electromagnetic simulation and time-frequency char- 
acteristic analysis of RCS of F-22 aircraft at different frequency bands and angles 
that large RCS values present in the relatively fixed angle ranges near 40°, 90°, 140°, 
and 160°. Combined with the shape structure feature of F-22 aircraft, the analysis 
shows that local strong scattering centers appear at the edge of inlet, edge of wing, 
edge of vertical tail, edge of horizontal tail, exhaust nozzle, and the joint between 
airframe and wing. 


(2) Stealth material 


For some positions of aircraft, such as inlet, ideal stealth effect cannot be achieved 
only by shape stealth design. The radar absorbing material should be used at these 
positions to decrease RCS. The radar absorbing material is such a kind of material 
that can absorb and attenuate the incoming electromagnetic waves and transfer the 
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electromagnetic energy into heat energy to dissipate out, or disperse the electromag- 
netic energy to other directions. Using radar absorbing material, the aircraft can make 
use of its special electromagnetic characteristics to significantly reduce its RCS. The 
demands on the radar absorbing material are: under the precondition of satisfying 
electromagnetic wave absorbing attenuation rate (commonly going beyond — 10 dB), 
the frequency range should be as wide as possible; light weight, thin thickness, and 
corresponding bearing capacity; weakening infrared radiation as small as possible. 
The radar absorbing material can be divided into coating type and structure type 
according to its function. The coating-type radar absorbing material is characterized 
by convenient construction and low cost, suitable for complex shape; the structure- 
type radar absorbing material is a structural composite material formed by dispersing 
the absorbent into the special fiber (for example, glass fibre and quartz fiber) enhanced 
structural material. Its typical characteristics are that it can not only bear but also 
reduce target’s RCS. Currently, the main radar absorbing materials are nano material, 
metamaterial, intelligent material, conductive polymer wave absorbing material, and 
so on. 

Some researchers in western countries stated that the aircraft could disappear from 
the opponent’s display by using this kind of mysterious coating material. The actual 
situation is that the coating and material are generally only effective in very narrow 
frequency band and has a certain depth or thickness so as to obtain good effect, which 
will have an influence on the weight and volume of the aircraft. The major difficulty 
of the radar absorbing material and dissipative material is “skin effect”, that is, the 
RF current induced by incident electromagnetic wave trends towards centralizing at 
the target surface. If the conductive material is adopted, such as aluminium skin, it 
will become an excellent reflector due to its very thin coating thickness. However, 
the conductivity of the wave absorbing or dissipating coating must be low enough 
to make is effective, which leads to thicker skin. As a result, with the skin thickness 
becoming several millimeters or centimeters, the thin coating that can effectively 
counter the radar operating at 10 GHz may be disable to counter the radar operating 
at 10 MHz or 100 MHz. 

The most common method to solve this problem is to use radar absorbing struc- 
ture. For instance, the front edge of the wing of B-2A bomber, its thickness can 
accommodate the wave absorbing structure, so that it is very effective in very wide 
bandwidth. But this is impossible for fighter because of volume and weight limits. 

In the realization of aircraft stealth, the airframe shape design achieves the greatest 
gain. Actually, the initial 100 times of radar signal reduction is brought by ingenious 
airframe shape design, only a small part of reflection is absorbed by wave absorbing 
material. For example, in centimeter wave band, the RCS of traditional fighter is 
1 m?, but the same design using proper stealth shape design may make its RCS to be 
0.01 m? only. Further application of wave absorbing material to right position may 
decrease its RCS to 0.001-0.0001 m’. 

Like the coating material, the efficiency of airframe shape design is also correlative 
closely to radar wavelength. At the places much greater than the radar wavelength 
in size, such as plane, small plane, or front edge of wing, the rules of geometric 
optics are applicable, thus the reflected waves can depart from the threat radar very 
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accurately. For F-117A, B-2A, and F-22A, their adjusted front edges of wings, plat- 
forms, and small planes or planes are very effective for the wavelength down to 
several centimeters, and, for B-2A, even down to metric wave. As far as frequency 
is concerned, fighter is easy to realize stealth at X band and S band, and B-2A can 
realize stealth at a certain degree even at metric wave band. 


2.2 Counter-Stealth Mechanism at Metric Wave Band 


Both stealth and counter-stealth follow the basic electromagnetic scattering theory. 
For a simple object, such as a sphere, the RCS is normalized to optical area, and 
the relationship of the RCS and the target relative to the size of wavelength (ratio 
of perimeter to wavelength) is shown in Fig. 2.1. The diagram is divided into three 
regions: Rayleigh region, resonant region, and optical region. 2xr/^ < 1 is Rayleigh 
region, in which the RCS increases with the fourth power of sphere radius. This is 
the general characteristic of electrically small structure. 2xr/^ > 10 is optical region, 
where the RCS approaches to the optical area of the sphere. Located between the 
Rayleigh region and the optical region is resonant region, where the fluctuation of 
the RCS is caused by the interaction between the specular reflection and the creeping 
wave rounded the shadow region. 

For typical aircraft target, because of the reflection, diffraction, and travelling 
wave, there are seven echo sources: groove structure, mirror scatter, travelling wave 
echo, top/edge and corner diffractions, surface discontinuity, creeping wave, and 
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Fig. 2.1 Normalized RCS of an ideal conductive sphere 
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interaction. The echoes observed by radar are commonly the signals superposing the 
full or partial energies of these seven echo sources. The electromagnetic computation 
and the scaled model test of typical aircraft target show that the RCS and size of 
aircraft target and wavelength also have the similar basic relations of the above 
Rayleigh region, resonant region, and optical region. 

When the effective size of target is equivalent to the radar wavelength, that is, 
locating in the resonant region, the RCS of target generates resonance, resulting in 
a big difficulty to control reflection direction and distribution. The region with the 
greatest resonance amplitude is called as “main resonant region”. When the size of 
target falls into the main resonant region, the RCS of target will increase significantly. 
With the wavelength increasing further, enter into Rayleigh region. At this time, the 
RCS is dependent on the effective physical size of the reflection part and has no close 
relation to the aircraft shape, that is to say, the shape stealth almost fails to function. 

The targets nowadays used for actual battle have the effective sizes equivalent to 
the wavelength of metric wave radar, For example, the effective sizes of various air- 
craft fall into the range of about 0.5-5 m and the effective sizes of various missiles are 
about 0.1-2 m, while the wavelength range of metric wave radar is 1—10 m. Therefore, 
as long as the operating frequency of radar is selected to be in metric wave band, the 
scattered waves of the most targets are in Rayleigh region and resonant region. The 
shape stealth design will not act as the function of reducing RCS. In some countries, 
large amount of test accumulations about the RCS frequency characteristics of the 
targets of interest show that the resonant region almost locates at metric wave band. 
For example, The RCS of American stealth fighter F-117 is only 0.01 m? about in 
microwave band, but 10-20 m° in the main resonant region, increasing 1000-2000 
times. Different aircraft have different resonant frequency points. Making use of this 
characteristic can distinguish the types of stealth aircraft. 

The basic characteristic of radar absorbing material is that the dielectric constant 
or magnetic permeability is a complex. When electromagnetic waves are illuminated 
on the target coated with wave absorbing material, some electromagnetic waves are 
absorbed by the wave absorbing material, realizing the stealth purpose. The wave 
absorbing performance of the wave absorbing material is relevant to its electromag- 
netic parameters (£, u) and thickness relative to wavelength. In general, the lower the 
operating frequency is, the greater the required thickness of wave absorbing coating 
is. Because of the limits imposed by weight and mechanical strength, the thickness 
of the wave absorbing coating on aircraft surface is usually smaller than 2 mm. This 
may have good wave absorbing effect at higher frequency band. For the technology 
of coating wave absorbing material on target surface to realize stealth, in order to 
effectively absorb the radar incident wave, the coating thickness must be greater than 
1/10 of the wavelength of incident wave. As for the metric wave radar operating at 
VHF band, the coating thickness at least reaches to the magnitude of 0.1—1 m. Actu- 
ally, it is impossible to coat the wave absorbing material of such thickness on the 
moving targets of high speed and high sensitivity, for example, aircraft or missile. 
So the material stealth method is also ineffective to metric wave radar. 

Currently, the stealth frequency range of all kinds of stealth aircraft is limited to 
1-20 GHz due to the limits of aerodynamics and the frequency response of wave 
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absorbing material. If the operating frequency range of radar oversteps this range, 
the stealth effect of aircraft will be rebated greatly, so that the counter-stealth purpose 
can be realized. Modern metric wave radar operates at VHF band of 30-300 MHz 
and thus has prominent frequency-band counter-stealth advantage. 


2.3 Electromagnetic Computation and Analysis of Stealth 
Aircraft RCS 


In designing counter-stealth advanced metric wave radar, the first problem should 
be concerned is what the RCS of each type of stealth target is under heaven. This 
problem is very important but not simple. A large number of factors can make influ- 
ences on target RCS: the relation to target’s azimuth and elevation, the relation to 
frequency, the relation to polarization, and etc. It is impossible that some one wants 
to obtain enough data through practical target detection. The electromagnetic scat- 
tering characteristic of target can be researched via experiments, but the acquisition 
of target RCS using measurement method is limited by many factors, such as target 
size, dielectric attribute, test field, environmental condition, time, weather, and so 
on. Additionally, there is an expensive test cost, so that it is not an effective method. 
It is obvious that the theoretical estimation and accurate computational solution of 
target RCS become an essential and important measure. 


2.3.1 Electromagnetic Computation Methods 


The methods to solve target’s electromagnetic scattering characteristics mainly 
include analytical method, high-frequency method, and numerical method. 

The numerical method, also called as full-wave numerical method, is a class of 
electromagnetic simulation algorithms to solve differential forms of Maxwell’s equa- 
tions or equivalent integral equations by using of numerical computation method, 
mainly including the method of moment (MoM), the finite difference time domain 
(FDTD) method, and the finite element method (FEM). The numerical method has 
found wide applications due to its ability to compute the complex target with arbi- 
trary shape, high computation precision, and flexibility. The multilevel fast multi- 
pole algorithm (MLFMA) using multilevel cluster technique can further decrease 
the storage and computational amount to the magnitude of O(N1gN), which signifi- 
cantly enhances simulation capability and enlarges the electric size scale of solving 
scattering problem. The primary simulation softwares based on MLFMA are FISC 
and FEKO. 

The ANSYS is used to set up the geometric modeling of the stealth aircraft target 
to be computed and complete the geometrical partition of target surface. On this basis, 
the strict MLFMA is used to realize the electromagnetic scattering computation of 
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target at given frequency points. The impedance boundary condition—multilevel fast 
multipole algorithm (IBC-MLFMA) is used to realize the electromagnetic scattering 
computation of the target coated with thin stealth material. 

Large amount of tests and engineering applications show that, in order to accom- 
plish the accurate computation of the RCS of a complex target in practical engineering 
application, it is required to have a deep understanding of electromagnetic scattering 
theory and correctly set the various operational parameters according to different 
target shape characteristics. The key techniques to enable correct operation of algo- 
rithm include geometric modeling, electromagnetic modeling and electromagnetic 
computation, and verification of solution accuracy. 


(1) Geometric modeling 


Geometric modeling is the foundation for solving the numerical value of electromag- 
netic scattering of target. Geometric modeling is to make curve fitting and element 
partition of target. As for computer numerical program, its solving object is the “tar- 
get” in mathematics of a real target fitted by curve after discretization. Thus the 
accuracy of this “target” approaching to the original physical target determines the 
credibility of the computed RCS curve. In addition, the curve-partitioned element is 
the definition domain of basis functioning in MLFMA program, reflecting directly 
the change rule of induced current density of target surface, so that the geometric 
modeling is also affected by electromagnetic scattering mechanism. If the “target” 
formed by geometric modeling of a target is completely in accordance with the origi- 
nal target but the element density cannot reflect the actual surface current distribution, 
a large computation error of the target RCS still presents. 

In computing actual engineering problem, the geometric modeling and target 
surface partitioning have very important significance. The geometric model of stealth 
aircraft obtained through modeling by the CAD software ANSYS is shown in Fig. 2.2. 
Making discrete partition of target shape can obtain geometric information about 
target for electromagnetic modeling and electromagnetic computation. 


(2) Electromagnetic modeling and electromagnetic computation 


The CRWG basis function based on curved-surface triangle partition is used 
to solve the electromagnetic scattering problem of stealth aircraft on the basis of 


Fig. 2.2 Schematic diagram of CAD model of F-22 stealth aircraft and its partitioning 
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MLFMA, and a series of improved and accelerating computation methods are used 
for improving computation efficiency; the IBC-MLFMA is applied to the analysis 
of the target coated with thin stealth material; in order to solve the electromagnetic 
scattering problem of electrically large-size target at microwave band, the MPI and 
OPENMP parallel computation techniques based on 64-bit platform are adopted. The 
applications of the above methods and measures can greatly increase the computing 
speed and computing capability of the electromagnetic analysis of complex target. 


(3) Verification of computation accuracy 


First, the monostatic RCS of Benchmark target-—NASA almond under horizontal 
polarization was investigated. The comparison between the computed RCS curve 
and the tested resulted is shown in Fig. 2.3, the root mean square error is 0.8889 dB. 
Then, the model to be computed was chosen as a diamond model coated partially 
with metal. The parameters of the coating material are: e, = 1.1634 + 14.0755, 
ur = 4.0755 + i 1.9731, and the incident wave frequency is 3 GHz. The comparison 
between the computed backscatter RCS curve and the tested resulted is shown in 
Fig. 2.4, indicating a good agreement the computed curve and the tested curve. 
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2.3.2 Electromagnetic Computation Results 


Taking the two typical stealth aircraft, F-35 and F-22, into consideration, their RCS 
results of electromagnetic computations under different attitude angles, different 
polarizations, and different frequencies are given below respectively. 


(1) F-35 aircraft 
(1) RCS results under different attitude angles 


Under the condition of 100 MHz and horizontal polarization, the RCS results of F-35 
are about 3.2 m? at nose direction, near 31.6 m? at tail direction, and almost 100 m? 
in maximum at lateral direction respectively, as shown in Fig. 2.5. 


(2) RCS results under different polarizations 


For F-35 stealth aircraft, its RCS results at nose direction, tail direction, and the most 
of azimuth angles under horizontal polarization excel those under vertical polariza- 
tion, but at the part of angles of lateral direction, the RCS results under vertical 
polarization excel those under horizontal polarization, as shown in Fig. 2.6. 


(3) Variation of RCS with frequency 


The maximum RCS of F-35 stealth aircraft under horizontal polarization presents at 
20 MHz, and the maximum RCS under vertical polarization presents at 30 MHz, as 
shown in Fig. 2.7. 

Figure 2.8 gives a RCS comparison of F-35 in a larger frequency range. Generally, 
the RCS results at VHF band (30-300 MHz) near the nose direction and the tail 
direction are above 0 dBsm (i.e., 1 m°), but obviously decrease at UHF band. 


Fig. 2.5 Variation of 
backward RCS of F-35 with 
azimuth angle under 
horizontal polarization and 
100 MHz 
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Fig. 2.6 Variation of 
backward RCS of F35 with 
azimuth angle under HH and 
VV polarizations and 1° of 
elevation 


Fig. 2.7 RCS variation of 
stealth aircraft F-35 with 
frequency 
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(4) Computed bistatic radar RCS result 


Figure 2.9 gives the computed RCS results of F-35 aircraft at different bistatic angles. 
With the bistatic angle increasing, RCS becomes large, reaching up to above 30 and 
20 dBsm respectively under horizontal polarization and vertical polarization. 


(2) F-22 aircraft 


(1) RCS results at different attitude angles 


Under the condition of 100 MHz and horizontal polarization, the RCS results of F-22 
are about 1.8 m? at nose direction, near 10 m? at tail direction, and almost 100 m? in 
maximum at lateral direction respectively, as shown in Fig. 2.10. 
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Fig. 2.8 RCS comparison of 
stealth aircraft F-35 at 
typical frequencies 
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Fig. 2.9 Bistatic RCS of 40 
F-35 stealth aircraft at 
100 MHz 
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(2) RCS results under different polarizations 


For F-22 stealth aircraft, its RCS results at nose direction and tail direction under 
vertical polarization excel those under horizontal polarization, but at the most of 
azimuth angles, the RCS results under horizontal polarization excel those under 
vertical polarization, as shown in Fig. 2.11. 


(3) Variation of RCS with frequency 


The maximum RCS of F-22 stealth aircraft under horizontal polarization appears at 
18 MHz and the miximum RCS under vertical polarization appears at 25 MHz, as 
shown in Fig. 2.12. 


22 


Fig. 2.10 Variation of 
backward RCS of F-22 with 
azimuth angle under 
horizontal polarization and 
100 MHz 


Fig. 2.11 Variation of 
backward RCS of F-22 with 
azimuth angle under HH and 
VV polarizations and 1° of 
elevation 


RCS/dBsm 


RCS/dBsm 


2 Target Characteristics in Metric Wave Band 


30 60 90 120 150 180 
Azimuth/deg. 


Although RCS is relatively large at some frequency points blow 100 MHz, this 
phenomenon cannot simply be used as the basis for selecting the operating frequency 
to counter stealth target. This is because the antenna noise temperature will sharply 
rises with frequency dropping blow 100 MHz. Thus comprehensive considerations 


are needed. 


A RCS comparison of F-22 in a larger frequency range is shown in Fig. 2.13. 
Generally, the RCS results at VHF band (30-300 MHz) near the nose direction and 
the tail direction are above 0 dBsm (i.e., 1 m°), but obviously decrease at UHF band. 
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Fig. 2.12 RCS variation of 
F-22 stealth aircraft with 
frequency 


Fig. 2.13 RCS comparison 
of F-22 stealth aircraft at 
typical frequencies 
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(4) Computed bistatic radar RCS result 


Figure 2.14 gives the computed RCS results of F-22 aircraft at different bistatic 
angles. With the bistatic angle increasing, RCS becomes large, reaching up to above 
30 and 20 dBsm respectively under horizontal polarization and vertical polarization. 
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Chapter 3 ®) 
System Design of Advanced Metric Wave as 
Radar 


3.1 Technology Scheme of Advanced Metric Wave Radar 


3.1.1 Multipath Effect in Metric Wave Band 


The multipath effect in metric wave band is stronger in comparison with microwave 
radar. In metric wave band, there are long wavelength, large earth surface reflection 
coefficient (near 1 in low elevation area especially), and comparative amplitudes and 
strong correlation between direct-wave and multipath reflection signal. Also, for the 
radar operating in metric wave band, it has broad beams, and the included angle 
between the direct-wave incident angle and the multipath reflection wave incident 
angle is very small and they are usually within one beam width, which results in 
the difficulty to differentiate them generally by the directional selectivity of antenna. 
Due to the limited operational bandwidth in metric wave band, it is also difficult to 
differentiate the direct-wave and the multipath echo signal by means of high range 
resolution. Multipath effect mainly impacts the airspace coverage performance and 
height finding performance of radar. 


(1) Impact of multipath effect on the airspace coverage of metric wave radar 


Figure 3.1 illustrates the schematic diagram of airspace coverage of typical single- 
beam metric wave radar. Fig. 3.1a and b are respectively the airspace coverage dia- 
gram in free space and the airspace coverage diagram in ground reflection condition. 
It can be seen that the impact of multipath effect on the airspace coverage of metric 
wave radar. The benefit is that the maximum detection range of radar is significantly 
enlarged in a certain elevation range. The disbenefits are: (1) the low-elevation blind 
zone resulted from beam tilting has influence on the low altitude detection perfor- 
mance; (2) the notch resulted from beam splitting has influence on the continuity 
of radar airspace coverage, resulting in severe problems such as discontinuous track 
and lost track. Traditional metric wave radar, usually adopting single beam and uni- 
form time and energy distribution, is unable to realize the optimization in spatial 
domain and temporal domain. Therefore, it cannot overcome the problems of poor 
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Fig. 3.1 Schematic diagram of single-beam metric wave radar airspace coverage 


low-elevation detection performance and poor high-altitude airspace coverage con- 
tinuity. 


(2) Impact of multipath effect on metric wave radar height-finding accuracy 


Modern air surveillance radars are imposed the operational tasks on interruption 
and guidance and thus usually are required to have three-dimensional measure- 
ment capability. How to achieve good height-finding performance for metric wave 
radar is always a difficult problem. In low elevation area, especially, direct-wave 
and multipath reflection signal have comparative amplitudes and strong correlation; 
the included angle between the target direct-wave incident angle and the multi- 
path reflection wave incident angle is very small and they are often within one 
beam width; beam tilting or splitting can make the level of received signal decrease 
and flicker, as a result, the signal-to-noise ratio (SNR) is low and the fluctuation is 
large. The height-finding problem of metric wave radar can be viewed as an problem 
of target DOA (direction of arrival) estimation under a low SNR, strongly corre- 
lated source. The phase information about target elevation carried by the received 
echo is damaged by multipath echo, so the conventional amplitude-comparison and 
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phase-comparison techniques will bring significant height-finding error, unable to 
meet the measurement requirement. 


3.1.2 General Consideration for Radar Technology Scheme 


Radar technology scheme is a common technical term in radar community. It gen- 
erally means the set of the most notable one or more technical features, which may 
be the technical features at system level or the important technical features of major 
subsystems that dominate the radar performance and complexity. For example, the 
full-coherent system, continuous-wave system, and active phased array system are 
well known. Advanced metric wave radar need to overcome major shortages of tra- 
ditional metric wave radar. This cannot be achieved by such technology scheme as 
traditional mechanical scan, single-beam or fixed beam design, and amplitude com- 
parison/phase comparison angle measurement. Novel technology scheme must be 
established. 

Firstly, consider the beam scanning technology scheme. If a single broad fixed- 
beam is used at elevation to realize airspace coverage, it is difficult to focus on both 
low-elevation detection performance and high-altitude continuous coverage perfor- 
mance. The independent beam and subarea reshaping design should be adopted and 
the matching optimization should be made according to the terrains in different 
azimuth sections. Thus, both transmit beam and receive beam are required to per- 
form subarea scanning at elevation, and their directions and shapes to vary agilely 
with different azimuths. In the optimized design of elevation coverage, to achieve a 
good effect, the optimization of energy and dwell time distributions should be done 
except for the optimization of beam direction and shape. That is, the transmitting 
and receiving need to have flexible beam agility and waveform agility, which means 
electric scanning system. 

Second, consider height-finding technology scheme. Under the precondition that 
the subarea independent beam design flexibility is available, the elevation coverage 
area can be divided into high elevation area and low elevation area. In engineering, 
the beam width can be used as the boundary to separate high elevation area form low 
elevation area. Through antenna sidelobe or “nulling” design, the multipath signal 
in high elevation area can be reduced so small as to be ignored. Then, the height- 
finding in high elevation area can be made by means of conventional monopulse 
angle measurement and multi-beam amplitude comparison/phase comparison angle 
measurement. In low elevation area, the multipath signal and the direct signal are 
comparable, and their coherent effects cause the beam shape to deform. The conven- 
tional angle measurement methods are no longer applicable, so that superresolution 
methods or diverse height-finding systems must be adopted, of which a dedicated 
description will be given in Sect. 3.3. 

Thirdly, determine radar’s technology system according to its operating mission. 
Advanced metric wave radar is supposed to be a new generation of mainstay radar. Its 
principal mission is to detect and track stealth aircrafts. Besides strong anti-stealth 
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capability, it is required to have good tracking performance for super-maneuver 
aircrafts, namely, capability of tracking with high data rate. Paying attention to search 
performance and tracking performance, TAS (tracking and search) operation mode 
is needed. To realize this operation mode, the antenna should be equipped with 
two-dimensional electric scanning ability; usually a two-dimensional phased array 
antenna is chosen. Additionally, the modern new radar must have good anti-jamming 
performance in order to adapt to the electronic countermeasures environment in 
modern war. The strong airspace filtering performance is the most important anti- 
jamming capability. The advanced metric wave radar, therefore, should have multi- 
freedom jamming cancellation or nulling capability. The digital beamforming (DBF) 
and the adaptive signal processing techniques are the optimal choice to realize this 
capability. 

Summarized the above considerations, the technology system of advanced metric 
wave radar is determined to be digital array radar and superresolution height-finding 
system. Digital array radar is the latest development of active phased array radar. 
Different from the analog beam forming of traditional phased array radar, it’s transmit 
and receive both adopt digital beam forming technique. 


3.1.3 Principle of Metric Wave Digital Array Radar 


The basic operational principle of metric wave digital array radar is given as follows. 
In transmit mode, digital beamformer generates the amplitude and phase control 
words required for transmit beam and sends to digital transmit/receive (DTR) mod- 
ule. The DTR module produces the RF signal of a certain frequency, phase, and 
amplitude. Up converted and amplified, the RF signal is radiated out and power 
combined in space. In receive mode, the T/R module receives the microwave signal 
from antenna element. Down converted, the signal is transformed into IF signal. After 
IF A/D conversion and digital orthogonal sampling, I/Q echo signals are output and 
sent to digital beamformer, signal processor, and data processor for software-based 
processing. The basic architecture of digital array radar is shown in Fig. 3.2. 


3.1.4 Features of Metric Wave Digital Array Radar System 


In metric wave digital array radar, there are several main modes as follows: 


(1) Single-beam mode with transmit DBF and receive DBF (single transmit and 
single receive mode) 


In analog beamforming radar, the beamforming is executed before receiver, thus the 
receiver is needed to provide very high dynamic range level for countering the strong 
jamming source in the main lobe of receive beam. To resolve this problem, digital 
array radar (DAR) digitalize the receive aperture. Then the jamming gain entering 
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Fig. 3.2 Basic architecture of digital array radar 


into each receiver can be decreased thus the requirement on the dynamic range of 
receiver is mitigated. The outputs from different receivers are synthesized by DBF. 


(2) Broad transmit beam and DBF receive multi-beam mode (single transmit and 
multiple receive mode) 


To shorten the time for searching an airspace, DAR can broaden its transmit beam. The 
transmit beam illuminates an angular section, and multiple beams are simultaneously 
used to receive in the coverage range of the whole broad transmit beam, which is 
equivalent to beam scanning continuously. Because of low transmit antenna gain, 
long transmit and integration time is needed. In addition, the Doppler resolution can 
be improved. 


(3) DBF transmit and receive beam mode in MIMO operation (multiple transmit 
and multiple receive mode) 


The optimal mode for omnidirectional radar is to operate in multiple input multiple 
output (MIMO) mode. At the transmit end, DAR aperture is divided into M low 
gain array elements, each element radiating a single orthogonal coded waveform. 
At the receive end, there are N receive channels. A received signal passes through 
M matching filters and is matched with a transmit waveform, so that MN matching 
filter outputs are obtained. These MN signals can form one or more pointing beams. 

In comparison with traditional metric wave radar system, the metric wave digital 
array radar has the following advantages: 


(1) Large dynamic range. It preserves small target information without loss under 
strong clutter background, and facilitate improving small target detection capa- 
bility. 

(2) Flexible multiple beams. The width of transmit beam can be adjusted arbitrarily, 
realizing either high-gain narrow beam in any direction or board beam for full 
airspace coverage. Multiple receive beams can be formed without SNR loss. 


32 3 System Design of Advanced Metric Wave Radar 


(3) Ultralow sidelobe. DDS is used to produce the exciting signal for every antenna 
element with flexible phase control and high accuracy, which can realize active 
ultralow sidelobes. The ultralow sidelobe antenna is propitious for improving 
radar ECCM capability and reducing the influence of sidelobe clutter on target 
detection. 

(4) Short production period and low cost. Without RF beamforming network and 
feedline network, DAR adopts modular design and can be produced by DAM 
assembling, which shortens development and production period and reduces 
cost. 

(5) Easy software implementation. The main radar functions are implemented by 
programming, thus allows to change radar function or improve radar perfor- 
mance through software upgrade instead of replacing hardware platform. 


3.2 Polarization Selection 


3.2.1 Impacts of Different Polarizations on Metric Wave 
Radar Performance 


(1) Impacts of different polarizations on radar coverage 


With the multipath effect, radar echo is supperposition of direct wave and ground 
reflected wave. If the direct wave and the reflected wave were equal in amplitude and 
phase, the total received voltage will be 4 times of that in free space. That means the 
signal power is increased by 16 times, so the target detection range is twice of the free 
space detection range. Sea surface fluctuation, earth surface curve, and atmosphere 
loss usually degrade this range. 

Compared with free space, therefore, multipath effect may change radar detection 
range significantly. Depending on horizontal polarization or vertical polarization, the 
influence of multipath effect on radar coverage may be different somewhat. Figure 3.3 
gives the simulation results. 

Figure 3.3 shows that the reflected energy under horizontal polarization is greater 
than that under vertical polarization. The energy gains are different for these reflection 
surfaces, in which the maximum gains occurring in the cases of salty water surface 
and fresh water surface, are about 4—6 dB, but the energy gains for other reflection 
surfaces are only 0.5-1.7 dB. 


(2) Influences of different polarizations on height-finding accuracy 


The echo of metric wave radar is the vector synthesis of direct wave and ground 
reflected wave. When a target locates at low elevation, the reflected wave energy is 
strong and the phase information about target elevation carried by echo is damaged. 
In this case, conventional amplitude comparison height-finding method certainly 
brings error and the angle measurement errors under different polarizations are also 
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different. Figure 3.4 gives the simulation results of angle measurement errors resulted 
from multipath effect under vertical polarization and horizontal polarization. 
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It can be seen from the simulation results that, for different reflection surfaces, the 
angle measurement errors under vertical polarization are smaller than those under 
horizontal polarization. 


3.2.2 Principles of Metric Wave Radar Polarizations Selection 


Consider the radar coverage. The reflected energy gain obtained under horizontal 
polarization is greater than that under vertical polarization and the energy gains for 
different reflection surfaces are not equal. In view of the gain of radar coverage, 
metric wave radar should use horizontal polarization. 

Consider the height-finding accuracy. For different reflection surfaces, the mul- 
tipath effect under vertical polarization is smaller than that under horizontal polar- 
ization, and the corresponding angle measurement errors are also smaller than that 
under horizontal polarization. To reduce the influence of multipath effect on elevation 
angle measurement accuracy, the metric wave radar should use vertical polarization. 

Consider the target detection stability. Illuminated by electromagnetic waves in 
different polarizations, a flying target has somewhat different RCS characteristics. 
The polarization mode, single polarization or dual polarizations, is chosen according 
to the target RCS characteristic. Compared with the target RCS flicker loss due to 
single polarization, dual polarizations, the detection and tracking of stealth aircraft are 
made more stable through independently receiving and processing horizontal/Vvertical 
polarization component of target echo. 

Consider the polarization matching of target echo. When passing through the 
ionosphere, the polarization of electromagnetic wave will be rotated (Faraday rotation 
effect), thus the polarization mode of target echo is difficult to predict. Transmitting 
and receiving in single polarization may result in polarization mismatch. However, 
dual-polarization receiving can reduce the polarization mismatch loss brought by 
Faraday rotation effect as much as possible. The detection of near space target will 
become more stable. 

Consider the ECCM capability. Polarization agility may be used to adjust the 
polarization state of radar system according to the polarization state of foe jam- 
ming source to make them orthogonal. In addition, by independently receiving and 
processing the horizontal and vertical polarization components of target echo, the 
electromagnetic wave of any polarization state can be synthesized, which allows both 
the mainlobe and sidelobe interference of the antenna to be suppressed as much as 
possible. 

Consider the target recognition. Target polarization characteristic is another fea- 
ture of radar echo signal except for amplitude, phase, and Doppler shift. Polarization 
information in radar echo is an important resource to enhance radar detection capa- 
bility. The electromagnetic scattering theory shows that the polarization scattering 
characteristic of target is closely related to its physical characteristic, which provides 
a promising way to enhance target classification and recognition for radar system. 
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The polarization mode selection of metric wave radar is a comprehensive con- 
sideration course. There are many factors to be considered. Detailed demonstration 
should be made according to practical requirements. 


3.3 Frequency Selection 


Metric wave frequency band is a crowded frequency band, occupied by various elec- 
tronic applications for communications, navigation, satellites, weather, television, 
and so on. Thus careful consideration should be given to the frequency selection of 
metric wave radar so as to minimize the interferences. 

The following factors should be considered during the selection of operating 
frequency of metric wave radar: according with the frequency usage regulations of 
radio committee; avoiding the frequency bands for television, FM broadcasting, and 
radio paging; bringing radar performance into play. 


3.3.1 Frequency Regulations of Radio Committee 


In “People’s Republic of China Regulations of the Radio Frequency Allocation’, the 
allocation of radio frequency in metric wave band (30-300 MHz) in the mainland of 
PRC is listed in Table 3.1. 

To select the operating frequency of metric wave radar, large operating frequency 
band should be retained, and, in this frequency range, there are wide frequencies 
used for radiolocation as the primary service, so as to avoid the interferences with 
other services and increase the validity of radar operation. 


3.3.2 Avoiding Television, FM Broadcasting and Radio 
Paging Frequencies 


In PRC, television channels 1—12 fall into the operating frequency range of metric 
wave radar. Their frequency distribution is given in Table 3.2. 

In general, the bandwidth of television image is 5 MHz above, but the bandwidth 
of sound is narrow, only several kHz. The frequency of metric wave radar should be 
selected far from the image and sound carrier frequencies. If the operating frequency 
of metric wave radar covers television frequency, it is necessary to make careful 
selection of radar frequency points and fine design of frequency spectrum control so 
as to minimize the impacts on television. 

The frequency range occupied by FM broadcasting is 88-108 MHz, with fre- 
quency interval of 100 kHz and offset frequency of 75 kHz. From four-level hybrid 
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Table 3.1 Allocation of radio frequency in metric wave band in the mainland of PRC 


Serial | Frequency Service name 

no. band (MHz) 

1 30.005-30.01 Space operation (satellite identification) 
Fixed, mobile, space research 

2 30.01-37.5 Fixed, mobile 

3 37.5-38.25 Fixed, mobile, [radioastronomy] [1] 

4 38.25-39.986 Fixed, mobile 

5 39.986—40.02 Fixed, mobile,[space research] 

6 40.02-40.98 Fixed, mobile 

7 40.98-41.015 Fixed, mobile [space research] 

8 41.015-44 Fixed, mobile 

9 4448.5 Fixed, mobile 

10 48 .5-50 Fixed, mobile, broadcasting 

11 50-54 Amateur, broadcasting, fixed, mobile 

12 5464.5 Fixed, mobile, broadcasting 

13 64.5-72.5 Fixed, mobile, broadcasting, radiolocation 

14 72.5-14.6 Fixed, mobile, radiolocation 

15 74.6-75.4 Aeronautical radionavigation 

16 75.4-16 Fixed, mobile, radiolocation 

17 76-84 Broadcasting, fixed, mobile, radiolocation 

18 84-87 Fixed, mobile, radiolocation 

19 87-108 Broadcasting, [radiolocation] 

20 108-117.975 Aeronautical radionavigation 

21 117.975-137 Aeronautical mobile 

22 137-137.025 Space operation (space to ground), satellite meteorological 
(space to ground) 
Satellite mobile (space to ground), space research (space to 
ground) 
Fixed, mobile, (except for aeronautical mobile(R)) 

23 137.025-137.175 Space operation (space to ground), satellite meteorological 
(space to ground) 
Space operation (space to ground), fixed 
Mobile (except for aeronautical mobile(R)) 
[Satellite mobile (space to ground)] 

24 137.175-137.825 Space operation (space to ground), satellite meteorological 


(space to ground) 

Satellite mobile (space to ground), space research (space to 
ground) 

Fixed, mobile, (except for aeronautical mobile(R)) 


(continued) 
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Table 3.1 (continued) 
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Serial | Frequency Service name 
no. band (MHz) 
25 137.825-138 Space operation (space to ground), satellite meteorological 
(space to ground) 
Space research (space to ground), fixed, mobile, (except for 
aeronautical mobile(R)) 
[Satellite mobile (space to ground)] 
26 138-143.6 Fixed, mobile, radiolocation 
[Space research (space to ground)] 
27 143.6-143.65 Fixed, mobile, space research (space to ground) (space to ground) 
Radiolocation 
28 143.65-144 Fixed, mobile, radiolocation 
[Space research (space to ground)] 
29 144-146 Amateur, amateur-satellite 
[Radiolocation], [aeronautical mobile(OR)] 
30 146-148 Amateur, fixed, mobile, [radiolocation] 
31 148-149.9 Fixed, mobile, satellite mobile (space to ground) 
32 149.9-150.05 Satellite mobile (space to ground), satellite radionavigation 
33 150.05-156.4875 Fixed, mobile, radiolocation 
34 156.4875-156.5625 | Maritime mobile (distress and safety calling using DSC) 
35 156.5625-156.7625 | Fixed, mobile 
36 156.7625-156.8375 | Maritime mobile (distress and calling) 
37 156.8375-157.45 Maritime mobile 
38 157.45-160.6 Maritime mobile, land mobile 
39 160.6-160.975 Maritime mobile,[land mobile] 
40 160.975—161.475 Fixed, mobile 
41 161.475-162.05 Maritime mobile,[land mobile] 
42 162.05—167 Fixed, mobile 
Space operation (space to ground), radiolocation 
43 167-174 Broadcasting, [fixed], [mobile], [radiolocation] 
44 174-184 Broadcasting 
Space operation (space to ground), space research (space to 
ground) 
[Fixed], [mobile], [radiolocation] 
45 184-216 Broadcasting, [fixed], [mobile], [radiolocation] 
46 216-223 Broadcasting, [fixed], [mobile] 
47 223-225 Fixed, mobile, aeronautical radionavigation, radiolocation 
48 225-230 Fixed, mobile, aeronautical radionavigation, radiolocation 
49 230-235 Fixed, mobile, aeronautical radionavigation, radiolocation 
50 235-267 Aeronautical mobile, [radiolocation] 
51 267-272 Aeronautical mobile, [space operation (space to ground)] 


[radiolocation] 


(continued) 
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Table 3.1 (continued) 


Serial | Frequency Service name 
no. band (MHz) 
52 272-273 Space operation (space to ground) 
Aeronautical mobile, [radiolocation] 
53 273-279 Aeronautical mobile, [radiolocation] 
54 279-281 Fixed, aeronautical mobile, [radiolocation] 
55 281-312 Aeronautical mobile, [radiolocation] 
ae 3.2 Frequency Channel | Frequency Center Image/sound 
distribution of television MH fi : 
h ls 1-12 in PRC range (MHz) requency carrier 
ae (MHz) frequencies 
(MHz) 
1 48.5-56.5 52.5 49.75/56.25 
2 56.5-64.5 60.5 57.75/60.25 
3 64.5-72.5 68.5 65.75/68.25, 
4 76-84 80 77.25/83.75 
5 84-92 88 85.25/91.75 
6 167-175 171 168.25/174.75 
7 175-183 179 176.25/182.75 
8 183-191 187 184.25/190.75 
9 191-199 195 192.25/198.75 
10 199-207 203 200.25/206.75 
11 207-215 211 208.25/214.75 
12 215-223 219 216.25/222.75 


coverage networks planning, it is known that the receiving field strengths in urban 
area and rural area in China are respectively 60 dBu V/m and 46 dBu V/m and there 
are 4—5 channels for choice. In the environment of such dense broadcasting channels, 
the metric wave radar in the frequency band cannot operate. 

The frequency regulation of radio paging system issued by the China National 
Radio Committee is given in Table 3.3. The frequencies already put into operation 
are 150.725, 151.305, 152.650 MHz (for local network and national network), and 
156.725 MHz (for local network). The frequencies that can be requested are Group 
D28, D29, and D30. 

To avoid the cross interferences, the frequency of metric wave radar should be 
chosen away from the operating frequencies of television, FM broadcasting, and 
radio paging. 
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Table 3.3 Frequencies for Group no. Frequency band (MHz) | Number of frequencies 
radio paging system — A 

D06 43.675—43.775 5 

D28 152.500-152.700 9 

D29 156.050-156.300 11 

D30 156.500-156.700 9 

D50 410.600-410.900 13 

D51 419.300-419.600 13 


3.3.3 Comprehensive Discussion on Radar Performance 


(1) 


(2) 


(3) 


(4) 


Anti-stealth performance: as described in Chap. 2, metric wave radar has inher- 
ent anti-stealth advantage. Metric wave radar should operate near the possible 
harmonic frequency of target. For example, the RCS of F-117A stealth aircraft 
will increase significantly when the radar operating frequency is lower than 
200 MHz. If the major operational target is known, the operating frequency 
favorable for detecting this type of aircraft may be chosen. 

Anti-jamming performance: local warfare in modern high-tech conditions 
requires radar to have good anti-jamming performance. Frequency agility is 
one of the important technologies to enhance radar anti-jamming performance. 
From this point of view, the bandwidth of frequency hopping is required to be 
as wide as possible. When It happened that the radar frequency conflicts with 
the frequencies used for distress calling, communications concerning foreign 
affairs, and international lifesaving, the radar needs to take measures to resolve 
them, such as frequency range limiting and automatic/manual hoping. 
Mobility: Considering the radar mobility requirement, the operating frequency 
of radar should be selected to be in the higher frequency range of metric wave 
band so as to decrease the antenna mobility design difficulty brought by large 
antenna aperture. 

Detection performance: Influenced by ground reflection, metric wave radar suf- 
fers from beam splitting due to antenna driving up. If frequency diversity is used 
to overcome multipath effect, sufficient operating bandwidth should be taken to 
compensate for the detection blind zone resulted from beam splitting. 


In a word, for the frequency selection of metric radar, it is needed to consider 


various factors and make tradeoffs among radar performance, electromagnetic com- 
patibility, and beam splitting. The relevant technical solutions and frequency limiting 
should be used to minimize the cross interferences between radar and other electronic 
equipments. 
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3.4 Technical Approaches Analysis of Metric Wave Radar 
Height Finding 


3.4.1 Common Height Finding Methods 


In metric wave radar, both high-elevation height finding and azimuth angle measure- 
ment can be done by amplitude comparison and target height is calculated from the 
amplitudes of echo signals received at different elevations (beams). Thus the con- 
sistency of amplitude signals of various beams is critical. Only the comparability of 
amplitude signals of various beams is ensured, the height finding accuracy can be 
guaranteed. For ensuring the comparability, the amplitude signals entering into the 
signal processor should be consistent, and it is required that the amplitude signals 
output from the signal processor are comparable. As far as MTD system is con- 
cerned, if the data after peak selection are taken to conduct amplitude-comparison 
height finding, the gains of various channels are required to consistent. If each chan- 
nel outputs signal respectively, the gains of NCFAR channel, KALMUS channel, 
and CFAR channel should be consistent basically. At the same azimuth and the same 
range, according to the beam number at which the signal of the maximum amplitude 
locates, the signals of the right beams and left beams that have the same parameter 
components as the amplitude signal of the center beam are taken to make amplitude- 
comparison height finding. For MTI system, the amplitude signals of NCFAR chan- 
nel and zero-velocity channel are the raw signals, the gain of MTI output signal 
is normalized to the normal channel. The over-threshold signals of normal channel 
and MTI channel should be output in pairing with their amplitude signals each. In 
the same way, when performing height finding computation, three-dimensional plot 
clotting is done firstly, and then, the signal feature of the center beam is made as the 
reference and the signals with the same feature of the adjacent channels are used for 
amplitude-comparison to ensure the height-finding accuracy. 

Monopulse eccentric angle measurement is a mature technique. It usually uses 
a special type of antenna feeding so that only one pulse is needed to generate four 
beams. Through antenna or the mixer of RF front-end, the “sum beam”, “azimuth 
difference beam”, and “elevation difference beam” can be formed. As for two- 
dimensional (2D) digital array radar, there are hundreds of antenna elements and 
the antenna aperture is large. Microwave network cannot be used to form the sum 
and difference beams for monopulse tracking. Only by signal processing can sum 
and difference beams be formed, which is called as digital monopulse measurement. 
Traditional monopulse measurement is realized through lookup of the error curve 
table. In 2D digital array radar, there are many beams at azimuth and elevation and 
many operating frequency points, and the differences in the equivalent antenna aper- 
tures of beams can bring angle measurement errors. If monopulse measurement is 
conducted in traditional monopulse angel measurement mode, it is necessary to set 
up a monopulse angle measurement error curve table for each frequency point and 
beam, which will produce large loads on radar data processing. For example, the 
APG-77 multifunction phased array radar onboard American F-22 aircraft and the 
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Russian Don-2 phased array radar adopt frequency grouping, scan angel partitioning 
plus modification to make tradeoffs, but high angle measurement accuracy cannot 
be achieved. 

For the low-elevation height-finding in metric wave radar, the methods studied 
early are multi-frequency smoothing, spatial-domain filtering, complex indicated 
angel technique, correlation height method, and range high-resolution height finding. 

The multi-frequency smoothing method adopts frequency diversity technique. 
The angle measurement error depends on the operating frequency of radar and is 
decreased by averaging many times. But its angle measurement accuracy is still 
low. When target range is short, the required frequency hopping bandwidth is small, 
however, for the target at long range, the frequency hopping bandwidth is required 
to be greater than 50%, which is difficult to accommodate. 

The basic idea of spatial filtering method is that, the weighting of antenna array 
element signal is used to make the gain of antenna receive pattern at negative ele- 
vation direction decrease significantly and then reduce multipath effect. However, 
this method requires antenna array to have large vertical electrical length, which is 
difficult for metric wave radar. 

The principle of complex indicated angle technique is that an orthogonal channel 
signal is added when monopulse radar phase detection is performed and the actual 
elevation value is obtained by use of the relationship between in-phase error signal 
and quadrature error signal. Elevation ambiguity is the shortage of this technique. In 
application, it is needed to calibrate the relationship curve of in-phase error signal 
and quadrature error signal in advance. 

In correlation height method, the data should be received by radar are simulated 
at all possible target heights according to target height characteristics and multipath 
reflection model, the correlation function of target measurement height and estima- 
tion height is set up, and then the precise height-finding and tacking are realized 
through the correlation function. Nevertheless, the height-finding ambiguity often 
appears and the correlation function reaches its maximal values possibly at multiple 
heights. 

The height finding method based on range high-resolution uses radar wideband 
signal to generate range high-resolution signal and then discriminates the target echo 
from the ground/sea reflected echo to achieve the precise height of target. In metric 
wave radar, unfortunately, the range resolution usually is low and the travel route 
difference between the direct wave and the reflected echo is much smaller than range 
resolution. Thus, it is difficult to discriminate direct wave from multipath signal. 

In metric wave radar, beam splitting is caused by ground reflection because of its 
wide beam. The beam splitting method realizes low-elevation height finding of metric 
wave radar through phase comparison and amplitude comparison. This method uses 
the array elements at different heights. There is a phase relationship between the 
split beams at different heights. The elevation region at which the target locates 
can be determined by the phase relationship. The amplitudes of the signals received 
by antenna are used to perform amplitude comparison to extract the normalized 
error signal and the target height is obtained by looking up table. The influence 
of ground fluctuation on height finding performance is analyzed and the formula 
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for computing error curves in different sites is deduced. In this method, when the 
mean square deviation of ground fluctuation is not beyond 1 m and the SNR reaches 
16 dB, the height-finding precision can reach up to 1% of the range. If the method 
is used, it is not needed to enlarge the elevation aperture of antenna and perform 
the array superresolution processing. And the radar is not required to set up in a 
very high site. On the other hand, the method needs small computational load and is 
easy to implement. The DBF technique and the beam splitting method are combined 
to enlarge the height-finding range. The DBF technique can be used to combine 
the multiple-channel signals received by antenna in a weighted manner. Combining 
the DBF technique with the beam splitting method can realize the height-finding 
in a large range of elevation. Impacted by the change and fluctuation of multipath 
reflection surface, the height-finding method based on beam splitting is not very 
stable in performance and has no very high accuracy. 


3.4.2 Superresolution Angle Measurement Methods 


The major methods for superresolution height-finding are: 


(1) Eigen-subspace algorithms. The category of algorithms includes multiple signal 
classification (MUSIC) algorithm, estimation of signal parameters via rotational 
invariance technique (ESPRIT), and etc. When these algorithms are used for low 
elevation height-finding, the coherence problem of direct wave and multipath 
signal will be faced. When signal sources are fully coherent, the order of covari- 
ance matrix of the data received by array reduces to 1, which may cause the 
dimension of signal subspace smaller than the number of signal sources. That 
is, the presence of coherent sources makes signal subspace and noise subspace 
permeate each other. Then the steering vectors of some coherent sources are not 
orthogonal fully to the noise subspace, resulting in performance degrade or mal- 
function of many eigen-subspace algorithms. In the case of coherent sources, 
the core of correctly estimating signal direction is to recover effectively the 
order of covariance matrix of signal, i.e., decoherence or decorrelation. There 
are two categories of methods for the estimation of DOA (direction of arrival) 
of coherent source: reduced dimension processing and non-reduced dimension 
processing. Among the reduced-dimension processing algorithms, the typical 
ones are spatial smoothing algorithms and matrix reconfiguration algorithms. 
The decoherence performance of this kind of algorithms is achieved at the cost 
of reduced freedom. The basic idea of spatial smoothing is that the equidis- 
tant uniform linear array is divided into some subarrays overlapping each other, 
the coherence is realized by averaging the covariance matrixes of subarrays, 
and finally DOA estimation is done in combination with eigen-subspace algo- 
rithms. The algorithms based on matrix reconfigurations mainly include matrix 
decomposition algorithm and vector singular value algorithm. The non-reduced 
dimension processing algorithms include the Toeplitz algorithm, the virtual 


3.4 Technical Approaches Analysis of Metric Wave Radar Height Finding 43 


array transformation algorithm, and so on. The major advantage is no loss in 
array aperture. In the Toeplitz algorithm, the covariance matrix of the received 
data is made to approach to the covariance matrix of the real data. But the esti- 
mation derivation of Toeplitz method is large. The virtual array transformation 
algorithm is mainly used for non-equidistant array. 

(2) Maximum likelihood (ML) and subspace fitting algorithm. The maximum like- 
lihood method is a special case of Bayesian estimation method and is the opti- 
mal estimation under white noise. In the maximum likelihood algorithm, the 
likelihood function of the observed signal is defined as the conditional proba- 
bility density function including unknown parameters. The purpose is that the 
unknown parameters can be selected so as to make the likelihood function as 
great as possible. The idea of the subspace fitting algorithm is that there is a 
fitting relation between the array manifold matrix and the subspace of the data 
received by array. This fitting relation is a problem of optimize maximum like- 
lihood function. Currently, this kind of algorithms mainly include maximum 
likelihood algorithm, multidimensional MUSIC algorithm, weighted subspace 
fitting algorithm, and weighted noise subspace fitting algorithm. The perfor- 
mance of this kind of algorithms approaches to the Cramer-Rao lower bound 
under high SNR. And they can work well even under low SNR. However, the 
likelihood function maximization problem to be solved is a nonlinear mul- 
tidimensional optimizing problem, which needs multidimensional search. As 
a result, the computational amount increases exponentially as the number of 
targets rises and the realization process is complex. The effective multidimen- 
sional fast search algorithms includes the alternating projection method, iterative 
quadratic ML, MODE algorithm, and genetic algorithm. 


On the basis of the relevant height finding methods and the prior information such 
as antenna height, distance between target and radar, earth curvature, and atmosphere 
refraction, the precise multipath reflected signal model should be set up by taking 
such factors as the polarization information of incident signal, the mirror reflection, 
the scattering, diffuse reflection, sea state, and the grazing angle into consideration. 
The ML algorithm based on precise multipath reflected signal model is used and the 
all unknown parameters (except for target angle) are expressed to be the functions 
of target angle, which can reduce the number of the parameters to be estimated and 
improve the estimation precision of low-elevation DOA. 

Through modification of the precise multipath reflected signal model, we have 
developed a ML height finding algorithm based on terrain parameter matching. Mak- 
ing use of the terrain information of reflection site, the fluctuation information of the 
reflecting points to which each elevation angle corresponds can be obtained by means 
of measurement. The information is used to calculate path difference and multipath 
factor precisely during height-finding processing, so the matching with the actual 
echo signal model can be achieved. Compared with conventional array superreso- 
lution algorithms, this algorithm improves significantly the height-finding accuracy 
of metric wave radar, especially in low-elevation area, which makes metric wave 
radar have a breakthrough in height-finding technique. The height finding problem 
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of metric wave radar in the case of a relatively flat reflection site is solved effectively. 
Nevertheless, if a reflection site with big fluctuation is faced, the terrain fluctuation 
at low elevation has a great influence on the measurement result. In particular, the 
rugged ground surfaces, buildings, and mountains cause the multipath signal have 
irregular reflections, for example, diffuse reflection and scattering. These uneven and 
irregular reflection surfaces have a great impact on height finding. The reflection site 
with big fluctuation makes terrain parameters very difficult to obtain. At this time, 
the ML height-finding algorithm based on terrain matching is no longer applicable. 
Aimed at the height-finding problem in the case of a site with fluctuation, we have 
developed a height-finding algorithm based on adaptive DBF. It is applicable for both 
complex site and flat site. 

At present, the research on the low-elevation estimation technique of metric wave 
radar has achieved breakthroughs. Significant results have been acquired and suc- 
cessful applications are found. These will be described in detail in Chap. 4. 


3.5 Optimal Design of Airspace Coverage 


3.5.1 Design of Independent Beam 


Metric wave radar operates in low frequency band and wide beam, easy to suffer 
from ground (water) surface reflections. The vertical plane beam of antenna will 
change due to the influences of ground (water) surface multipath signals. Assume 
that the vertical plane amplitude beam function of antenna in free space is fo(0, 0). 
The variables of the formulas in this section is defined as follows: 9 is the pointing 
of the maximum value of beam, ô is wave path difference between direct wave and 
reflected wave at target, Sy is the electric field intensity of direct wave at target, S, 
is the electric field intensity of reflected wave at target, gy is the phase of antenna 
beam at elevation angel 6, of direct wave in free space, gy, is he phase of antenna 
beam at elevation angel 0, of direct wave in free space, fo(04, 0) is the amplitude 
value of antenna beam at elevation angel 6, of direct wave in free space, f0(6,, 0) 
is he amplitude value of antenna beam at elevation angel 6, of direct wave in free 
space, p is the amplitude value of ground reflection coefficient, and @, is the phase 
of ground reflection coefficient. 

In our discussion, only the influences of electric property and roughness of ground 
surface are taken into consideration, rather than the influence of earth curvature. From 
superposition principle, the electric field intensity at target is the vector addition of 
the direct wave electric field intensity and the reflected wave electric intensity and is 
expressed as: 


S, = Sat S (3.1) 


It can be known from electromagnetic field theory: 
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Sa = Afo(Oa, O0)e!*# (3.2) 
S, = Apfo(,, Boje! et #-—279/%) (3.3) 


Substituting (3.2) and (3.3) into (3.1) results in the antenna beam considered 
multipath effect 


f(@, 9%) = [lOa 00) + p? fE (0, 00) + 20 f0(Oa, 90) fo (Or, 90) x cos(pa — Pr — Pg + 278/A) 
(3.4) 


Let Ay = pa — Pr — Pg + 278/À 


(1) When Ag = (2n + 1)z,n=0,1,..., fmin, 9) = fo(@a, 90) — pfo(@-, 80) 
is the minimal value of the antenna beam reflected by ground surface. When 
p = 1, fo(0a, 9%) = fo(@,, 9), f (0,00) = O indicates that the antenna beam 
shows zero-point (blind point). This is the worst case. 

(2) When Ag = 2nx,n = 0, 1,2, ..., fmax(9, 60) = fo(a, 80) + pfo(6,, 4) is 
the maximal value of the antenna beam reflected by ground surface. 


From the analysis above we can see that, different from microwave radar, con- 
ventional metric wave radar has wider vertical beam and its main beam touches 
the ground, so the influence of ground reflection is greater and multipath effect is 
more significant; if the vertical beam tilts up, there is larger low-altitude blind area 
(Fig. 3.5). A method for reducing low-altitude area is to drive up the antenna for 
lowering its beam down. But this will result in beam splitting, which causes notches 
appear in the observation airspace and detection discontinuous (Fig. 3.6). 

Good result can be achieved through optimization of the elevation beam distri- 
bution and design of radar working mode. It is required to design low elevation 
beam and medium/high elevation beam respectively and independently. In designing 
medium/high elevation beam, the control of ground-touching level is very impor- 
tant. For both transmit beam and receive beam, the nulls or very low sidelobe levels 
should be directed towards the high reflecting region. In designing low-elevation 
beam, the beam width should be as narrow as possible to achieve good low-elevation 
coverage and measurement performance, which is beneficial for both elevation and 
azimuth estimation. Also, it is necessary for the lower edge of elevation beam to have 
steep drop characteristic. These designs are all based on the foundation that the radar 
antenna should possess flexible 2D beam shape agility, which calls for 2D transmit 
and receive full DBF antenna. 

Figure 3.7 shows the coverage diagram of a metric wave radar after optimal 
design (the thin line). The center height of the radar antenna is 15 m. The thick line 
is the elevation airspace coverage diagram realized by a single wide beam. Making 
a comparison, we can see that the effect is obvious. 
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Fig. 3.5 Large low-altitude blind area of conventional metric wave radar 
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Fig. 3.6 Beam splitting of conventional metric wave radar after antenna driving up 
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Fig. 3.7 Airspace coverage of a metric wave radar 


3.5.2 Design of Improved Volume Coverage Diversity 


For metric wave radar, the elevation beam splitting appears under the influence of 
ground (sea) surface multipath signal, that is, the peak value appears at the elevation 
angled, = nd/2h, (n = 1, 2, ...) (Ais wavelength, A is center height of antenna) and 
the valley value appears at the elevation angle 6, = (n + S)A /2h, (n = 1,2,...). 
The airspace coverage of metric wave radar can be improved by frequency diver- 
sity (changing wavelength ^) or antenna height diversity (changing center height 
of antenna). In frequency diversity, the radar operates at the waveforms of differ- 
ent operating frequencies simultaneously or alternatively to achieve the complement 
peak value and valley value of the split beams. In theory, the full peak value comple- 
ment can be achieved only when the wavelength strides over the octave. In antenna 
height diversity, the different phase center heights of antenna elements are used to 
realize the complement peak value and valley value of the spatial beams. The precon- 
dition is that the transmitted signals of individual antenna elements are orthogonal 
and do not overlap coherently in space. The metric wave synthetic impulse and 
aperture radar, for example, is a typical multi-frequency MIMO radar. 


3.5.3 Optimal Design of Pulse Energy 


The detection range equation is 


48 3 System Design of Advanced Metric Wave Radar 


Rmax = 239.4] EXEC GHG XT O) X zo] j (3.5) 
f? x T; x Do x Cpg x Ly 

where T is the transmitting pulse width, DO is the detectability factor. The detectability 

factor depends on the number of beam position dwell pulses. The larger the number 

is, the smaller the detectability factor is. Actually, the two parameters represent the 

pulse energy distribution and have direct impacts on radar detection range. Thus, the 

radar airspace coverage can be optimized by adjusting pulse energy. 

It can be seen from the radar equation that the pulse width is proportional to the 
radar detection range. The greater the pulse width is, the longer the detection range is. 
The design of pulse width is limited mainly by two factors. The first is the maximal 
duty ratio of transmitter. It lies on the transmitter operation mechanism, system 
power dissipation, heat resistance of power device, cooling system performance, and 
so on, which needs comprehensive considerations. The second is the minimal pulse 
width. It lies on the minimal detection of radar system. Generally, the maximal range 
blind-zone cannot be greater than the minimal detection range. 

The number of pulses is proportional to the radar detection range. The larger the 
number of dwell pulses, the longer the detection range is. The design of pulse number 
is limited mainly by two factors. One is the beam position dwell time and the pulse 
repetition period. The beam position dwell time lies on the search data rate and beam 
width of radar system. The pulse repetition period lies on the maximal unambiguous 
range. In general, for long range surveillance radar, it is unambiguous in range and its 
maximal unambiguous range is greater than its maximal detection range. The other 
is the clutter rejection requirement. To satisfy the improvement factor requirement 
for rejecting ground clutter and moving clutter, enough number of pulses must be 
needed. 


3.6 Design of Work Modes 


The advanced metric wave radar that adopts digital array technique has not only 
strong spatial-domain filtering capability, but also high flexibility in time and energy 
distributions. Multiple operating modes can be designed according to mission 
requirement. Also, the combined applications of various operating modes can be 
supported to meet various application requirements of user to the maximum. 


3.6.1 Design of Common Work Mode 


Advanced metric wave radar takes stealth aircraft detection as its main task. Its 
common work mode is air surveillance mode. A basic design idea and the typical work 
follow are given hereafter. The antenna adopts full-array transmitting and receiving. 
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On transmitting, the low-elevation pencil beam and the high-elevation low-sidelobe 
wide beam scan mode are used to mitigate the impact of multipath effect on low- 
altitude blind zone and height finding error. On receiving, the DBF technique is used 
to form multiple receive beams that perform scan synchronous with transmit beam to 
cover the designated airspace. Mechanical scan and electric scan are used to realize 
azimuth coverage. 

For the airspace coverage notch problem in metric wave radar, except for the 
optimal design of space beams, the optimal distribution of space energy can be made 
to further weaken the notches resulted from multipath effect and achieve continuous 
coverage of the whole airspace. 

The typical radar work follow is given as follows. 


(1) Site selection and optimization evaluation 


Based on its location, the radar firstly exploits the geological information database 
to acquire the information about the terrain and physiognomy around the site in the 
range of 450 km, providing the geological information for site selection and beam 
scheduling and supporting radar airspace coverage evaluation. 


(2) Environment sensing supports the radar to intelligently choose the optimal pro- 
cessing mode 


Once powered on, the radar chooses the operating frequency suffered the least inter- 
ference under the support of the reconnaissance receiving subsystem. The system 
enters the standard search processing mode (the default processing mode). At the 
same time, the radar signal processing subsystem analyzes the ground clutter, meteo- 
rological clutter, and sea clutter around the site. The results are sent to the intelligence 
analysis unit for environment analysis so as to support the radar choosing intelligently 
the optimal processing mode and realizing the environment matching detection. 


(3) Target tracking 


The TWS (track-while-scan) mode is used to track the common target. The track 
initiation may be either the multi-frame initiation or the single-frame initiation real- 
ized in electronic scanning confirmation mode during a mechanical scanning period. 
The electronic scanning flyback mode is used to track the important target and the 
high-speed and high-maneuvering target. This mode can increase the sweeping times 
and the dwell time, which is beneficial to the improvement of detection ability and 
tracking performance and the realization of target classification and identification. 
For the target according with TBM (tactical ballistic missile) motion feature, the 
radar enters the TBM tracking mode. 


(4) Target attribute analysis 


Detected target, the system makes comparative analysis on the newly received target 
and the target information saved in target database and received from other intel- 
ligence sources (exterior intelligence, IFF/secondary radar), and then updates the 
information about attribute, type, and amount of target. The result of target attribute 
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analysis gives a warning. For the target whose attribute cannot be determined, a sug- 
gestion is given on the basis of the air situation treating rule so as to make further 
check and treatment. 


(5) Target classification and identification 


For the tracked target to which attention should be paid, the classification and identi- 
fication mode is used to acquire the information about target, sortie, classification and 
identification result. Metric wave radar can use narrow processing mode to complete 
the classification and identification of aircraft target. In narrow processing mode, the 
classification and identification of aircraft target are realized based on the combina- 
tion of motion feature and modulation feature of target. 


(6) Analysis of air attack grade and threat grade 


After judgment on target attribute, classification and identification result, and aircraft 
fleet sortie, it is needed to make an analysis on the missions to be executed by the 
target. For the cooperative airplane target, the correlation to the information about 
its flight No. is conducted directly. For friendly military airplane, the correlation to 
the flight plan, prediction, flight report, activity airspace, and activity rule is made 
and then the target’s task is determined. For the noncooperative aerodynamic target, 
the analysis and verification is done to determine the target’s task in combination 
with exterior multiple-source intelligence, such as technical reconnaissance, superior 
aviso, intelligence from friendly neighbor, and activity rule of foe airplane. For the 
target that has foe attribute shows threat intent, it is necessary to build the knowledge 
base of target air attack grade and threat grade judgment rules. Based on the knowl- 
edge base, a combined judgment on target model, sortie, flight track, and tactical 
attempt can be made to give a threat grade. The computations about collision avoid- 
ance, off-course judgment, responsibility zone entry/exit, air defense identification 
zone, and forbidden zone are performed so as to send out relevant warning and cuing 
information in time. 


3.6.2 Design of Special Work Mode 


To make metric wave radar work well on high-mountain sites, a high-mountain 
work mode should be designed. At low beam position, multiple frequency points 
are utilized, and the complementation of the notches at different frequency points is 
conducted to enhance the low-altitude coverage continuity. In addition, the height 
finding results are weighted according to the SNRs of target echoes at various fre- 
quency points and then averaged for high height finding accuracy. 

The TBM detection mode is designed to detect and track TBM target. The radar 
operates in 2D electronic scan mode. Search screen is set at a certain elevation 
direction. The range extending effect of ground reflection should be used for the 
setting of search screen. The screen traversing time is determined according to TBM 
firing range. The sweeping times for a single screen-traversing are determined by the 
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requirement of intercept probability. In turn, the frame period of search screen can 
be determined. Once confirmed, the target to be intercepted is switched to tracking. 
The TAS mode is used to arrange the search and tracking beam positions. The time 
and energy for tracking lies on the data rate for tracking target and the largest number 
of targets to be tracked. 

Several anti-jamming modes may be designed to achieve good anti-jamming per- 
formance, such as frequency agility, waveform, random scan, and etc. Sidelobe can- 
cellation and sidelobe blanking can be added to the normal work mode. In addition, 
the protecting pulse can also be inserted into the normal work time sequence. 

The work modes mentioned above can be applied in a combined manner. For 
example, the air surveillance mode and the TBM mode can be combined to form 
an air and missile defense mode to accommodate the requirement of air and missile 
defense integrated operation mission. 
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Chapter 4 A) 
Height Finding Technique of Metric cere 
Wave Radar 


4.1 Introduction 


The main difficulties in low-elevation height finding of VHF radar are as follows: 


(1) 
(2) 


(3) 
(4) 


(5) 


(6) 


VHF radar is characterized by long wavelength, wide beam, low angle resolution 
and high accuracy of measurement. 

Pitch beam is easy to illuminate the ground, so the received beams include not 
only the direct wave signals reflected from the targets, but multipath signals 
reflected from the ground (the sea surface) because it tracks targets in low ele- 
vation, which results in lobe splitting. It causes the detection and measurement 
errors increase. 

When detecting low elevation targets, multipath reflections and strongly corre- 
lated direct waves enter the receiving beam mainlobe simultaneously. 

The included angle between the direct wave and multipath echoes is very small 
and is usually within one beamwidth, so the conventional angle measurement 
method by amplitude comparison becomes invalid. 

Reflections of undulating surfaces and irregular reflectors (such as vegetation 
and buildings) will result in complicated multipath reflections, such as diffuse 
reflections and scattering, which are difficult to model and will have a strong 
impact on the height-finding performance of metric wave radar. 
Height-finding technique of metric wave radar is not only suitable for com- 
planate site, but also for a variety of other environments, such as rough terrain, 
mountain environment and some complex sites. 


To avoid the impact of multipath effects on height-finding, some of the main 


technical approaches are given as follows: 


(1) 


To increase the antenna size, especially the aperture in altitude, which can reduce 
the beamwidth of the antenna in perpendicularity, and thereby increasing the 
angular resolution, and allow the mainlobe “no-grounding” and reduce the side- 
lobe “grounding” level for higher elevation. 
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Fig. 4.1 Flow diagram of signal processing system 


(2) To increase the antenna set-up height, optimize the energy distribution in 
airspace, reduce beam raising upwarping, enhance the target’s signal-to-noise 
ratio in low elevation area, and adopt lobe splitting and array super-resolution 
technologies, to resolve the height-finding problem. 


4.2 Height Finding Model of Metric Wave Radar 


In respects of the height-finding of VHF radar, the whole elevation coverage can 
be divided into high elevation and low elevation areas. By means of controlling 
the “grounding” energy, the range where multipath effects can be ignored is the 
high elevation one, whereas is the low elevation one. In high elevation coverage, 
the height finding can be completed by applying conventional angular measurement 
methods, such as monopulse angular measurement. In low elevation coverage, some 
new methods must be applied to resolve the problem related with height finding due 
to the beam distortion generated by severe multipath effects. The implementation of 
the height finding in low elevation coverage is given as follows. 

The signal processing of the advanced VHF radar is mainly composed of two 
branches, the conventional processing branch and height finding processing branch, 
as shown in Fig. 4.1. After channel correction, beam forming, pulse compression, 
filtering and conventional processing checks, the data received by Digital Array 
Module (DAM) will be used to transmit the plots information into the height finding 
branch, and then the height finding branch will transmit the data corresponding to 
current plots by channel correcting, pulse compressing and filtering into the height 
finding module. 

The row antenna beam forming is executed on the echo signal received from Ny 
antenna elements in every row in the height finding branch, the resulting signals 
in N; channels are sent to a general signal processing board to implement pulse 
compression and filtering. According to the detection results in the conventional 
branch, the multi-pulse data in the corresponding row synthetic beam are chosen, 
and then the multi-pulse data processed in N, row antennas is transmitted into the 
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Fig. 4.2 Processing flow diagram in height-finding branch 


Fig. 4.3 Wave propagation 
schematic diagram for 
received signal from the 
array antenna 


antenna aay, 


super-resolution height-finding module to complete the elevation super-resolution 
and height finding. The whole data flow is shown in Fig. 4.2. 


4.2.1 Typical Multipath Signal Model 


For Uniform Line Array (ULA) with space separation of d, which is composed of 
N arrays placed perpendicularly, supposing that the target echoes are incident upon 
ULA via direct path Ry and surface path R,(= Rı + R2) in consideration of smooth 
reflection ground, the incidence pitch angles are øq and ¢, respectively, as shown in 
Fig. 4.3. When sampling No. l, the data vector received from the array is, 


xı = As +n; = [a (ġa )a ($s)] + [sa t) Pss )]" +) (4.1) 


where, A = [a(ġa)a(ġs)] is array flow pattern, s = 
[sa (t) oss (t)) |" is the complex envelope vector of the signal. 


ala) = — [l,exp(j2m(d/A) sin(ġa)), ...,exp(2m (N — 1)d/A) sin(ġ4))]" 
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is steering vector of the direct wave. a(g;) = 
[ts exp(j27 (d/A) sin(¢s)), ..., expG2ma((N — 1)d/à) sin(gs))] is steering vector 
of the corresponding specular reflection wave, p is corresponding reflected coeffi- 
cient in reflected area, and n; is complex gauss white noise vector disrelated with 


the signal. 
As for the reference sub-array of array centre, the difference in distance between 
reflected wave and direct wave is AR = R, — Ra, taking notice of s,(t)) = 


pexp(—j27 AR/A)sq(t), therefore, 


x(t) = [a(ba) + p exp(—j27 AR/A)a(gs)] sat) +n), 1=1,...,L (4.2) 
The receiving data for L snapshots can be indicated as, 


Sa(t) salto) +++ Satı) 


X = AS +N = [a(ga)a(gs)] - e MATE 


| +N (43) 


The covariance matrix of array signal can be estimated as, 
R = E[XxX"] = +> xx! (4.4) 


As for the schematic diagram of wave propagation in Fig. 4.3, if not specifically 
described, the assumptions mentioned in the full text of the multipath reflected signal 
are as follows, 


(1) The ground reflection point of return waves received from all antenna arrays is 
on the same horizontal plane. 

(2) The Fresnel reflection plane is an ideal flat position, which satisfies the specular 
reflection condition, and also the ground reflection coefficient is same (ground 
reflection coefficient p ~ —1 with respect to horizontal polarization wave). 

(3) Object height h, «< Rg, both direct wave and reflected wave are plane wave, 
incident angle (¢g, ¢,) of the echo signals received from each array element is 
same, and the difference in distance between the direct wave and the reflected 
wave received from adjacent two array element are d sin(ġ4) and d sin(¢;) 
respectively. 

(4) The antenna center height h, and object height h, take the altitude of ground 
reflected point B as reference point. 


Regardless of earth curvature, the direct path R4 and reflected path R, can be 
respectively indicated as, 
2 
Ra = [R + (hy — hy)*]! (4.5) 


1/2 


R, = [R + (h: +h,)"] (4.6) 
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Fig. 4.4 Multipath target T 
geometry of spherical 
surface mode 


surface 


Equations (4.5) and (4.6) can be expanded according to the binomial theorem, 
thanks to R >> h, and R > h, typically, therefore the first two item of the extended 
equation can just be retained, but the high-order terms can be omitted, where, 


(hi + hr)” (hi =h? N, 2hrhr 
ARR R N 4.7 
i 2R x 2R R an 
The object reflection angle ¢, can be calculated by Eq. (4.8), 
$s = — arctan (tan (p4) + 2h,/R) (4.8) 


4.2.2 Multipath Signal Model Taking into Account Earth 
Curvature 


Earth plane model can’t be merely taken into account simply due to larger impact of 
the earth curvature on object height finding at long distance. In order to obtain a more 
accurate signal model, apart from the signal path bending caused by tropospheric 
refraction and earth curvature itself, terrain parameter etc. in reflection area must 
also be taken into account, as shown the spherical-surface mode in Fig. 4.4. 
Considering one uniform linear array composed of isotropy obliquely placed 
array elements, the incidence signal is a narrowband spherical-surface wave. A curve 
coordinate is built based on the first antenna, where the projection of the reference 
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antenna at sea level is the origin of coordinate, along earth surface is axis X, and 
perpendicular to earth surface is axis Y. The tilt of the array face is Ag, namely the 
height above sea level of the first antenna is h,o, array element space is d, A is the 
nth array element, whose horizontal coordinate and vertical coordinate are ha, (n) 
and hay(n) respectively: 


hax(n) = —d(n — 1)sin Ag, n=1,2...,N (4.9) 
ha (n) = ho +d(n — 1)cos Ao, n=1,2...,N (4.10) 


where, point D is the projection of the nth array element on the ground; point T 
is the target, whose horizontal coordinate and vertical coordinate are hix and hiy 
respectively; point E is the projection of the target on the ground/sea level; a, is the 
equivalent earth radius; point B is the ground reflection center corresponding to the 
nth array element, and the height above sea level of the reflection point is h(n); 
arc length G(n) and G;(n) denote the curve length between ground projection of 
the nth array element and ground/sea level projection of the target, and the curve 
length between ground projection of the nth array element and the reflection point 
respectively. O(n) and 0; (n) denote corresponding geocentric angle respectively. 
Target’s direct-arrival wave path of the nth array element and wave path of the 
ground reflecting is Ra(m) and R,(n), and R,(n) = R(n) + Ro(n), where R(n) 
and R(n) represent the distance between point B and A, point B and T respectively. 
aln), ġ;(n) and y(n) denote the incidence direct-arrival angle, reflecting incidence 
angle and grazing angle, corresponding to the nth array element repectively. 

Base on the geometric relation in Fig. 4.4, the vertical coordinate and horizontal 
coordinate of the target can be figured out using direct-arrival angle ¢, 


hy($) = (hao + de)? + RG) — 2(hao + de) Ra(1) cos(t/2 +Ø) —a, (4.11) 


(hiy ($) + ae)? + (hay (1) + de)” — 40) 


—, p a -1 
Sa a | Ily ($) + ae) a (1) + ae) 


(4.12) 


Therefore, the distance G (n) and geocentric angle 0 (n) from ground projection 
points of each array element to target ground projection point respectively are, 


G(n) = hal) — ha ln), n=1,2...,N (4.13) 
On) = G(n)/ae, n=1,2...,N (4.14) 


According to 0 (n), the direct-arrival distance and direct-arrival angle between the 
target and each array element can be obtained: 
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Ra(n) = yie (n) + ae)? + (hy (0) + ae)? — 2 (hay (n) + ae) (hiy (Q) + ae) cos O(n) 
(4.15) 


(hay (n) + ae)? + R2(n) — (hy (Q) + c : (4.16) 


ete 
ga(n) = cos | 2(hay (n) + ae) Ra(n) 


The height of reflection point is h, (n), so the earth radius, array element height 
and the target height can be considered to be equivalent to, 


Te = de + h (n) = ae (4.17) 
hay (n) = hay (n) — h(n) (4.18) 
hy (Q) = hy ($) — h(n) (4.19) 


Therefore, the curve distance from ground projection points of each array element 
to target ground projection point is, 


G(n) = a0 (n) (4.20) 
The other parameters can be resolved based on Fishback cubic equation: 


2G} (n) — 3G (n)GÎ m) + [G (n) — 2ãe (hay (n) + hy ($))]G1 (n) 
+ 2aehay(n)G(n) = 0 (4.21) 


The solution of the equation is, 


Gı(n) = S% — p sin (4.22) 
There into, 
p= 2 fatat) + hy(@)) + (G(n)/2)? (4.23) 
J3 J ) 
Essin Zaa Ka — hay”) (4.24) 
p 
Other parameters can be obtained by geometric relations: 
O(n) = Gi(n)/ āe (4.25) 


$2(n) = (G (n) — Gi(n))/de = G2(n)/ae (4.26) 
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Rı(n) = J? + Ge + hay(n))? — 2e (Ge + hay (n)) cos 01 (n) (4.27) 
Ron) = a2 + Ge + hy (n))? — 28. Ge + huy (n)) cos 02 (n) (4.28) 
R,(n) = Ri (n) + R(n) (4.29) 

2 Die p 
Tr (cos Pota- oatn)) (4.30) 

2 27) R2 

y(n) = (x “or oe ”) /2 (4.31) 

The distance difference AR will be easily obtained: 
AR(n) = Ri (n) + R(n) — Ry(n) (4.32) 


4.2.3 Reflection Coefficients 


In light of the direct-arrival signals and the reflection signals within the echoes 
received from radar antenna, the product factors which are used to describe the 
differences between the two signals, contain phase difference caused by the path 
difference and specular reflection coefficient p. 

For rather smooth reflection surface (op < A/(16sin(y))), the calculation expres- 
sions for vertical polarization and horizontal polarization respectively are, 


_ E€ sin(ġ;) =E= (cos(¢;))” (4 33) 
a= e sin(ds) + ye — (cos(os))? l 
_ sin(ġs) — ye — (cos(¢s))? 
Pr = — (4.34) 
sin(¢,) + ye — (cos(;))” 


Complex permittivity £ usually can be denoted by relative permittivity £, and 
surface substance conductivity oe, 


e = e, — jO0Ao, (4.35) 


Electrical characteristics of some typical surface are shown in Table 4.1. 

For coarse reflector on > 4/(16sin(y)), reflection coefficient is the product of 
three factors: reflection coefficient of ideal flat reflector p, or pp, dispersion factor 
D and reflection attenuation factor caused by surface coarseness y, the relation can 
be expressed by, 
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Table 4.1 Electrical Serial number | Medium Ey Oe 
characteristics of some n a 
typical surface 1 Favorable soil (wet 25 0.02 
soil) 
2 Ordinary soil 15 0.005 
3 Barren soil (dry soil) 3 0.001 
4 Snow, ice 3 0.001 
5 Fresh water 81 0.7 
6 Brine 75 5 
P = pon Dy (4.36) 
where D is defined as, 
1 
Dw D (4.37) 
riro 
1 F rer aint) 


Here, rı = [OB], r2 = |BC|, r = |OC|, re = $ x 6370 km is the effective radius 
of the earth. The expression of y is, 


27 . 2 27 . : 
y = exp -2( Fan sng) -o (Fan sing») ) (4.38) 


where Jp(-) is the modified Zeroth-Order Bessel Function. 

Figure 4.5 gives the flat position level and reflection coefficient of the vertical 
polarization under various reflecting surfaces. For horizontal polarization, the reflec- 
tion coefficient amplitude of low-elevation for common reflection position is above 
0.9, and that phase is around 180°. Different from the slowly change for horizontal 
polarization, the reflection coefficient of the vertical polarization attenuates quickly 
as with the grazing angle. 


4.2.4 Effective Reflection Area 


As the electromagnetic waves radiated by the antenna project on the ground, each 
ground point will excite electric current, and reradiate into the space. Therefore, 
the ground reflected signals are actually composed of the reflected signals of ground 
points. However, the functions of each ground point on generating reflected signal are 
different, and the area made up of mostly function point is called effective reflecting 
surface of radar position. It is significantly important to know the location and size 
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Fig. 4.5 Reflection coefficient under various positions 


of effective reflecting surface for effectively and accurately measuring the radar 
position. 

Figure 4.6 gives the effective reflection area, point B is the center of ground 
reflection, and we suppose the phase difference led by the wave path difference of 
reflected signals between other ground reflected points and point B is Ag. According 
to the value range of Ag, the resulting effective reflection areas are different, and the 
precondition for the effective reflection area generated in the classical first Fresnel 
range is |Ag| < x. Vector diagram which analyzes the optimal value range of Ag 
is given as follows. As shown in Fig. 4.7, u; is reference vector (superposition with 
axis y), the included angle between vector u) and vector u; is Ag. As shown in 
Fig. 4.7, when wz is in the first and second quadrant, namely |Ag| < 2kn + 11/2, 
(k =0,+1,...), the projection of u2 on u; will be strengthened; while u2 is in the 
third and fourth quadrant, namely 2kn + 1/2 < |Ag| < 2kn+n, (kK=0,+1,...), 
the projection of u) on u; is reduced. Therefore, in order to ensure that the filed 
strength of each reflection point is always strengthened, the value range of Ag is 
preferably in the first and second quadrant. Point B is corresponds to the geometric 
optics reflection of Point T, i.e. the filed strength of Target T is mainly determined by 
the ground reflection signal together with the direct signal near Point B. Therefore, 
the area one (|Ag| < 1/2) determined by Point B is the effective reflection area 
of radar position for Target T, and the phase difference will be divided into one 
reflection area every other 1/2, thereby obtaining the area two and three shown as 
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Fig. 4.6 Effective reflection area 


Fig. 4.7 Vector analyzing y 
diagram 
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Fig. 4.6. How to obtain the location and size of the effective reflection surface will 
be discussed in detail as following. 

As |Ag| < 1/2, wave path difference is within 1/4 wavelength, so the relations 
for calculating critical value, 


AB+BT+iA/4=AC+CT (4.39) 


Here, horizon line denotes the distance between the two points. 

Make the vertical line of BT from point C’ NC’, and under the circumstance 
of height finding for metric wave radar NT ~ C'T. Suppose the distance between 
point C’ and point B at the edge of effective reflection surface is m, and within the 
right-angled triangle BC'N, BN = m cos Wg, SO, 


BT = BN + C'T = mcos Yy; + C'T (4.40) 


64 4 Height Finding Technique of Metric Wave Radar 
Substitute Formula (4.40) into (4.39), and eliminate C'T, hence 
AB + mcos y, +4/4 = AC’ (4.41) 


Within the right-angled triangles AOC’ and AOB, the results are obtained respec- 
tively, 


AC = Jh + (h,ctg Yg +m)” (4.42) 
ATA (4.43) 


So (4.41) can be expressed as, 


h,/ sin Yg + mcos Yg +4/4 = Jh + (h,ctg Yg +m)? (4.44) 


Square the both side of the above expression and simplify, 


2 À COS Yo 1 h,à Ne 
m m 3 : F =0 (4.45) 
2sin” Ye sin’ py, \2sinyg 16 


Two solutions mı, m2 can be obtained based on the formula of finding roots, that 
is, 


AÀ cos Yg + V/A? + 8h,À sin Ye (4.46) 


Asin? Yg 


mı 2 = 


There into, 


à cos Ye + JA? + 8h,A sin Ye 
= 2>0 


4.47 
Asin’ Wy eee 


mı 


It indicates that point C’ is farther than point B. 


ACOs Yg — V/A? + 8h,A sin Ye (4.48) 
= < f 


Asin’ Yg 


my 


It indicates that point C is closer than point B. 
Get the farthest reflection region boundary OC’, the nearest reflection region 
boundary OC of region one respectively is, 


Acos We + /A* + 8h,A sin Wy 
4 sin? Y, 


OC’ = OB + mı =h,ctg Yg + (4.49) 
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a a — J+ Bh AS 
OC = OB + m = h,ctg y + —— Ma = Ve (4.50) 
Asin“ Ye 


Usually, the size of effective reflection surface can be estimated by estimating the 
maximum value of first lobe pattern, thus, 


sin Yg = à /(4h,) (4.51) 
cos Wy = y1 — sin? Ye = / 16h? — 22/(4h,) (4.52) 
ctg Yg = cos Yg / sin Yg = / 16h2 — 22 /À (4.53) 


Substitute Formulae (4.49)-(4.51) into expression of (4.47) and (4.48), and the 
resulted farthest reflection region boundary and nearest reflection region boundary 
are shown as follows respectively, 


2. 4h? aV 
OC'=0B+m =—*|(2/1-( 7 +73 (4.54) 


oe 4h2 Ae 
C= OB +m = — | 2/1 (=) V3 (4.55) 


2 2 
Usually, (#) < 1 canbe omitted, that is (+) 7X 0, thus the farthest reflection 
region boundary and nearest reflection region boundary can be further simplified as, 


h2 
OC' X 14.9—~ (4.56) 
— h2 
Cr 1.1 (4.57) 


So the effective reflection region of the ground region one is, 


_ h2 
C~O0OC' = (1.1~14.9) (4.58) 


Suppose the antenna height is 8 m, and the wavelength of the metric wave radar 
is 2 m (namely frequency is 150 MHz), so some important parameters and the cor- 
responding grazing angle and Rayleigh undulated height are shown in Table 4.2. 

For flat radar position (less than | m), the sensitivity of electromagnetic wave on 
ground undulation is not high in metric wave band and can meet Rayleigh criterion 
(shown in Table 4.2). Therefore, only specular reflection should be taken into account, 
and the effect of diffuse reflection can be omitted. 
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Tabien some important Parameter |Range (m) | Grazing Angle Rayleigh 
parameters in region one (rad) Undulated 
Height (m) 
oc 35.2 0.2235 1.1279 
OB 127.8 0.0625 4.0026 
oC’ 476.8 0.0168 14.8817 


Fig. 4.8 Multipath geometrized structure diagram of plane low-altitude target 


4.3 Lobe Split Method 


Conventional radar should usually avoid multipath effect generated by ground reflec- 
tion. There is lobe split led in metric-wave band radar due to ground reflection by 
width beam, which is unavoidable. The split lobe for various altitude antennas are dif- 
ferent and keep certain phase relationship, so the low-elevation height finding method 
for metric-wave band radar by lobe split method is designated phase-amplitude- 
comparison method. 

Beam sensitivity at pitch is required to be high in height finding. The beam split 
makes it narrow, which makes height finding for metric-wave radar possible. Sin- 
gle receiving antenna cannot confirm which beam the target is in, thereby several 
receiving antennas must be adopted. Supposing three receiving antennas at high, 
middle and low positions for measuring height, and the heights are H,, Hy and H3 
respectively, as shown in Fig. 4.8. The target’s height is Hy, elevation is £, and the 
cross range between target and antenna is Ro, so resulted Hr = Rotanp > H;, 
R? = R? + H?, the following expression can be obtained by the geometric relations, 


Rog = Rè + (Hr — Hi)? = | R? + H2 + H? — 2Hr H; 
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- | He = 2B, xR | p H —2HrhH, 
7 Ro 2R? 


Hr H; ; . 
=R(1- AE) aR Hsing, i=1-3 (4.59) 


Ria = RR + (Hr + Hi)? = | RẸ + H? + H? + 2Hr H; 


H? + 2Hr H; H? +2HrHi; 
ee T ~R(14 R T ) 


R2 2 R2 
Hr Hi 


a r(14 F) = R+ Hsing, i=1-3 (4.60) 


where, Ro,; and Rj; denote direct irradiation distance and multi-path distance respec- 
tively, and the range difference is, 


dri = Rii — Roi © 2H; sin B (4.61) 


Considering the multipath effect, the radiation intensity at the direction of £ is, 
AT r 
Fi (B) = F (Bo) + TF (Biexp| -j-—H; sin B (4.62) 


where, A is wavelength, and IT = p, exp(jo,) is the reflection coefficient of the earth 
surface. 

When incident electromagnetic wave is horizontal polarized at ground plane, IT = 
—1,p, = 1,9, = x. F(B) is the pitching pattern of antenna without considering 
the ground reflection. For wide beam, the gain can be approximated as a constant, 
for example, F (o) ~ F(6;) near Zero-degree. If antenna altitude is far lower than 
target one at the far field, and By ~ £, the expression (4.62) can be written as, 


Ar f 
F;(B) = rofi — exp (i sin) 


. [2T ra ipi 
= F(ß)2sin Pa sin B Je/” (4.63) 
_ (20. 
|F;(6)| = F(B)2|sin zM sin B (4.64) 
where, gj = 5 — 2 H, sin £. The conclusion can be easily gained according to the 


Formulae (4.63) and (4.64): 


(1) When 4H; sinB = nz, |F;(B)| = 0, and beam split. When 4 H; sinB = 
aty, F;(ß) reaches the maximum value, so F; (6) is obviously related with 


antenna altitude and wavelength. 
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Fig. 4.9 Antenna beam 4 
pattern 


Elevation(deg) 


(2) When the value of 22 H; sinf is within section [2nz,(2n+1)z] or 


[(2n + 1)z, (2n + 2)s], this means sin 6 is within section B ego], or 

on, os | , and phase F; (£) is equal to g; or x + g;. As shown in Fig. 4.9, 
there is 180° phase difference among split beams. In Fig. 4.9, the altitudes of 
antennas are 4, 7 and 12 m respectively. Positive and negative signs are used 
to denote reversed phase relationship among phases. As can be seen from the 
figure, the peaks and troughs for every beam present the trend of interleaving 
arrange. 


Suppose the height difference among antennas is far smaller than the radar range 
resolution, including far field direct wave, and the baseband signal model for reflect- 
ing wave signal is 


U;(B) = [exp(—jkRo,i) + Pexp(—jkR\,:)|F(B) 
x exp(—jkR)F ()[1 — exp(—j2k H; sin B)| 
= F(B)2sin(k H; sin B)exp(—jgi) (4.65) 


where, wave number k = a, pi = 5 — kH; sin $ — kR. 
If0 < kH; sinf < x, for example, if0 < sin $ < 
between the two receiving antennas is 


R and the phase difference 


91,2 = PLU) (8)] — P[U2(B)] ~ k(HM2 — Hı) sin B (4.66) 


where, ®[x] denotes the phase of x. Seen from expression (4.66), phase differ- 
ence can be used to define the information of elevation angle 6. However, when 
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Table 4.3 Pitching code Cis oe Cia Elevation angle (°) 
information th a 
1 1 1 0.5-4.0 
1 0 (0) 4.0-6.6 
0 0 1 6.6-8.0 
0 1 0 8.0-11.5 


à = 1.7m, H; = 12m, < 4°, it is difficult to measure angle directly due to the 
restriction of elevation. 

For measuring target altitude effectively, firstly we should know which area the 
target is within the split beam or altitude range. As can be seen from expression of 
(4.65), the phase of receiving antenna is g; or yj + 7, so the phase difference ¢/ , 
between the two antennas is 91,2 or £7 + G2. P12 is a multivalue variable quantity, 
which can not be used to measure target elevation angle directly. However, we can 
confirm the approximate range of ¢ 5, so 


1, cos(9i2) = 0 


4.67 
0, cos(g/ 4) < 0 een 


Ci,2 = sign[cos p; 5] = | 


The phase denotation between antennas (1, 3) and (2, 3) can be obtained by 
the same way, which can be written as C1,3 and C23 respectively. The combina- 
tion of C1,2, C2,3 and C;,3 is nominated as pitching code, which can be denoted as 
C1,2C2,3C3,1. As antenna altitudes are 4, 7 and 12 m respectively, and carrier fre- 
quency is 180 MHz, we can calculate the pitching code information by expressions 
(4.63) and (4.67), and the results are shown in Table 4.3. When angle 6 > 11.5°, 
pitching code is multivalue variable quantity, and we denominated the instance as 
“subdomain ambiguity”. Here we discuss mainly the measurement methods of low- 
altitude target. 

After determining the pitching code, the error signal can be calculated by expres- 
sion (4.68) while comparing the receiving signal amplitudes from different antennas: 


[UKA — IUB)? 


A= DE lB 


(4.68) 


Similarly, error signal F,3(8) and E23(£) can be generated. The amplitudes of 
each pair of antennas can be calculated from the error curve obtained by the carrier 
wave, antenna altitude and pitching angle range (0.5° < 6 < 11.5°) before esti- 
mating the target altitude. On account of the single value of error signal within each 
pitching interval, it is necessary to determine which error curve it corresponds to and 
also which portion it corresponds to according to the pitching coding information. 
For example, if 6 < 4°, the errors signal of E13(6) can be applied. However, when 
is around 4°, error signal of Ej2(6) is prior comparing with E13(£). The peak 
value of E13(£) is around 4.3°, so its sensitivity is very low. It is necessary to choose 
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the error curve with large slope within different pitching interval. Sometimes, height 
finding can be improved by combining two or three curve values. 
The above height finding method is feasible under the following conditions: 


(1) Same radiation pattern T (£) for all antennas; 

(2) All receiving channels are same; 

(3) Set-up and tear-down ground is flat, and the reflection point and radar are at the 
same plane. 


As mentioned above, the detail signal processing for height finding is shown as 
follows: 


(1) The error curve is generated by simulation according to the radar frequency, 
antenna altitude and terrain condition; 

(2) Transmit test signals to each receiving channel, and balance the impact of incon- 
sistency in receiving channels; 

(3) Calculate the pitching coding information C1,2, C2,3 and C,,3 by expression 
(4.67), and then evaluate which pitching spacing the target is in; 

(4) Compare the amplitudes of the pair receiving channels, and obtain the error 
signals by expression (4.68); 

(5) Look up the error curve, and obtain the pitching information; 

(6) Considering that the earth is a spherical surface, so the target height can be 
modified as, 


2 


R 
H ~ RosinB + H, + ae (4.69) 


where, R, is the earth radius, H, is antenna height, and Rọ the horizontal distance 
of the target to the antenna. 


4.4 Array Super-Resolution Algorithms 


An early method of evaluating the arrival angle of the space signal is the mechanical 
beam scanning, which is a simple air-domain expand for traditional time-domain 
Fourier spectral estimation. Same as Fourier restriction, the angle resolution is 
restricted by array physical aperture. And that is Rayleigh limit, which is impart- 
ible in one beam width. In order to break through the restriction of Rayleigh limit 
and improve the angle measurement accuracy, a number of research has been done 
on space spectral estimation since the 1970s. Among them, Multiple Signal Clas- 
sification (MUSIC) algorithm proposed by Schmidt is the most outstanding, which 
divided the receiving data into two mutually orthogonal subspaces by mathematics 
decomposing on the array receiving data which are signal subspace and noise sub- 
space. The space spectral was built by adopting the orthogonality of signal subspace 
and noise subspace. Since the 1980s, another space fitting algorithm emerged, and 
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the maximum likelihood (ML) algorithm is the most representative one, which is a 
typical and useful estimation in parameter estimation theory. In 1988, Ziskind applied 
maximum likelihood parameter estimation to direction-of-arrival estimation. Multi- 
dimension space-spectral searching and huge computation are required during the 
solving process due to the direction estimation likelihood function is nonlinear. Wax 
proposed an alternating projection (AP) algorithm for a seeking optimal solution of 
likelihood function that can reduce the computation effectively. 

Array super-resolution technology deals with the airspace sampling snapshots 
obtained from different space locations by super-resolution algorithm, with higher 
angle resolution and measurement accuracy, which can break through the Rayleigh 
limit of array angle resolution. The technology has been applied in the direction- 
of-arrival estimation extensively and has expansive potential applications in height- 
finding of metric wave radar. 


4.4.1 Spatial Smoothing MUSIC 


Multiple Signal Classification (MUSIC) algorithm was proposed by 
Dr. R. O. Schmidt in 1979, which opened up a new era of space spectral esti- 
mation, and promoted the emergence and development of characteristic structure 
algorithms, becoming a symbolic algorithm for space spectral estimation. The 
before space spectral estimation algorithms, such as MVM, MEM, Lp and CBF, 
directly address covariance matrix of array receiving data. The essential idea of 
MUSIC is to execute eigen-decompose of covariance matrix of the output data 
from arbitrary arrays, and thereby to obtain the signal subspace corresponding to 
signal components and the noise subspace orthogonalize with signal components, 
and then to estimate the signal parameters, such as incidence, polarization and 
signal intensity, by the orthogonality of the two subspaces. It is the high resolution, 
estimation accuracy and stability of MUSIC algorithms in given condition that 
attracted many researchers to conduct in-depth research and analysis. 

To execute eigenvalue decompose on covariance matrix R of array receiving 
signal in expression (4.4), 


R= 053506 + OyEy0, (4.70) 
In light of the property, signal subspace and noise subspace in data space are 


orthogonal to each other under ideal conditions, namely steering vector in the signal 
subspace is orthogonal to the noise subspace, 


a"(¢)Ux = 0 (4.71) 


a(ġ) and U n can not be orthogonalized entirely due to the presence of noise, so 
DOA calculation is implemented in reality by optimize searching, so 
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š H a a H 
musıc = argmina ($)UnU nalo) (4.72) 
$ 


Therefore, the spectral estimation expression for MUSIC algorithm is, 
1 


— (4.73) 
a! (p)UnUnalo) 


Pyusic = 


The MUSIC algorithm is given as following steps, 


(1) To obtain data covariance matrix R by the array receiving data, namely expres- 
sion (4.70) 

(2) To execute eigen-decompose on R 

(3) To judge the amount of the signal source by eigenvalue of R 

(4) To confirm the signal subspace U s and noise subspace U N 

(5) To search in light of signal parameter range 

(6) To find the angle corresponding to the maximum value, which is the signal 
incidence direction 


Several aspects on the above MUSIC algorithm should be given as follows, 


(1) The eigenvalue of covariance matrix are obtained under non-ideal circumstance. 
Ay > do >- > AK > AK > > AN (4.74) 


So the methods related to signal number estimation are required for determining 
the signal number, such as AIC rule, MDL rule and CCT. 

(2) In light of UsU¢ + UnUÑ = I, the MUSIC algorithm shown in expression 
(4.73) can be simplified as follows, 


1 
H _f a H 
a” (p) — UsUs)a(ġ) 


Pyusic = (4.75) 


According to the above expression, signal parameter estimation by noise subspace 
is consistent with the one by signal subspace, but the two methods are different from 
estimation capability in practice, especially in the case where the number of signals 
or the estimation error is unknown. 


(3) Search range for signal parameter of linear array is at [—90°, 90°], while the one 
for planar array is at [—180°, 180°]. In addition, steering vector for an assured 
array is confirmed uniquely by array element position. 

(4) When steering vector belongs to the signal subspace, a"(6)U n is a value that 
is approximately zero, however when it does not belong to signal subspace, 
ah (ġ)Û n İs a non-zero value, so a very peaky spectrum peak will be produced 
by the space spectrum from expression (4.73) at the direction of signal source, 
while it is smooth relatively at other direction. 
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Fig. 4.10 Diagram of ULA spatial smoothing 


There is another normalized form for MUSIC algorithm in expression (4.73), 


a'(¢)a(o) 


——— (4.76) 
a! (p)UNUya(o) 


Pyusic = 


The expression for one-dimension steering vector in practice is given as follows, 


a" ()a(¢) = N (4.77) 


Namely, minimum optimized search is changed as, 


a"'(¢) 0 y0,a(¢) 
a" (p)a(ġ) 


ba = arg min = arg min tf Pa ÛnÛy| (4.78) 
$ $ 


Here, Pa = a(0)(a™(0)a(0)) ~'a" (0) is the projection matrix of a(@), which 
shows the above MUSIC algorithm is essentially the noise subspace algorithm based 
on one dimension search. 

The above MUSIC algorithm which is based on the eigen-subspace estimation 
has not made decorrelation processing. Provided that the echo signal contains corre- 
lated sources, the signal subspace will diffuse into noise subspace, and the obtained 
orthonormality for signal subspace and noise subspace will be destroyed, which will 
result in a miss alarm for correlated signals, and the peak value in spatial spectrum 
will depart from the target’s true direction, thus resulting in no exact angle estimation. 
Therefore, if there are correlated echo signals, super-resolution algorithms such as 
subspace are employed, decorrelation processing is required. 

The most common decorrelation processing is spatial smoothing. The principle 
of forward spatial smoothing is shown in Fig. 4.10, where ULA is divided into P 
subarrays interleaved one another, and the number of array element for each subarray 
n = N — P +1. The data vector for Pth subarray is, 


X p(t) = [xp Xp +++ Apin- l = ADP s(t) + 0p) (4.79) 
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where, D is the diagonal rotation matrix, and it is defined as, 


efi QO... 0 
0 e&... 0 

D= 4S : (4.80) 
0 0 ..-- K 


where, 6k = (27 /à)d sin(@;,). The data covariance matrix of the subarray is, 
R, = AD?-Y)R,(D?—?)FAP + ool (4.81) 
where, R, = E[ss"] is the covariance matrix of signal vector s(t), 


oO! P1240102 `° PIKV/O1OK 


PinJ/ 0102 o +++ P2K/020 
R= | , ee (4.82) 


Ak /O1 OK ee ee OK 
The covariance matrix after forward spatial smoothing is, 
P 


P 
1 1 
Rf = F X R,=4A T XO DO-D R, (DPD)! | AM + ool (4.83) 


p=1 p=1 


P 
Suppose Q = + DD DYP-Ð R,(D&-))4, for any 1, k € [1, K], obviously when 
p=1 
l = k, qx = 0; when l Æ k, let æ = l sin(0,) — k sin (04), that 


k 
1 . ; ; . 
qik = 7 y Pik IT ej (27/à)ld sin) o7 (27 /à)kd sin(@) 
p=1 


P 
1 ; 

ee Bae 5 ` ef r/d p-a 
p°% 10k 


p=1 


= jade- da f Sin(r/A)Pda 4.84 
ES (5 -sinr /A)da ren 
Thus, the related coefficient, 
q nr _pdo{ sin((/A) Pda) 
Vi ee (4.85) 
/O1OK P - sin((7/A)da) 


Obviously, 
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sin((x/à)Pdæ) 
|vik| = | Piel - (ee) < [øl (4.86) 


Therefore, spatial smoothing technology is capable of reducing relativitity. It has 
been proved that if array element number of subarray n > K, and when P > K, the 
special smoothing technology can renew R* to full rank. 

The data vector for the pth subarray of the backward special smoothing can be 
defined as, 


OO = typ XN-p in epee (4.87) 


The relationship between covariance matrix R? for the Pth subarray data of the 
backward spatial smoothing and R, is, 


b * 
R, = Jn Rp Jn (4.88) 


where, Jn is the permutation matrix ofn x n, and its all anti-subdiagonal element is 1, 
and others are 0. Forward-and-Backward spatial smoothing is averaged by forward 
spatial smoothing and backward spatial smoothing. 


1 P 
Sap ZAR p +R?) (4.89) 


Compared with forward (backward) spatial smoothing, the array aperture loss of 
the bidirectional one is smaller. At the same time, unidirectional spatial smoothing 
can distinguish |N /2] coherent sources at most, while unidirectional spatial smooth- 
ing can distinguish |[2N/3] coherent sources, which can boost up the overloading 
capability. 


4.4.2 Maximum Likelihood Algorithm 


It is well-known that Bayesian methods based on statistical theory is a classical 
method, which is suitable for related parameter estimation problem. The Maximum 
Likelihood (ML) estimation is a special case of the Bayesian methods, which is the 
optimal Bayesian estimation under the known white noise environment. Although the 
parameter space requires high-dimensional nonlinear search for azimuth estimation, 
its estimation performance under the condition of finite snapshots and low signal-to- 
noise ratio shall be better than subspace algorithm (such as MUSIC and MNM) based 
on one-dimensional parameter search, and its application has no restriction on array 
geometric structure. It is more important that it can carry out azimuth estimation 
on space coherent source. ML is one gradual unbiased estimation that can reach 
the boundary of Cramer-Rao, which is characteristic with low signal-to-noise ratio 
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threshold and less required snapshots, and so it can obtain better results in the angle 
estimation of related signals. 

According to the array receiving data in expression of (4.1), the unite probability 
density function for sample data is given as follows, 


L 1 1 
rao- aen exp(— S14) - AOs) (4.90) 


l=1 


The logarithm likelihood function that neglects the constants is given as an expres- 
sion of (4.80), 


1 L 
L; = -LN logo” — -3 NO lxt) — AOs)? (4.91) 
l=1 


For calculating the maximum likelihood function, it is necessary to fix 0 and s 
firstly. Ls will be maximized by the estimated o”, which can obtained from the 
following expression, 


x i, 
ô? = IN 3 |x (t) — AOs GDI (4.92) 


Substituting the above expression into the logarithm likelihood function and 
neglecting the constants, thus the maximum likelihood estimation can be addressed 
by solving the following maximum problem. 


1 L 
nev oe zy 2 lx (t) — asat) | (4.93) 


Although logarithmic function is monotone function, the above maximum issue 
is the minimum issue in expression (4.83). 


L 
min», lx (ti) — A(0)s(t))|” (4.94) 
$ = 


The above expression is minimized by estimation of s with fixing 0, so, 
Ks -1 
SC) = (A"(@)A@)) ABO) x(t) (4.95) 


where, (-)# denotes Hermite conjugate transpose. Substituting the above expression, 
the minimum issue given in expression (4.96) can be obtained. 
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L 
min X |x) — A@)(A"@)A@)) A= Ox] (4.96) 
l=1 
The above expression can be rewrited as, 
L 
min x x(a) — Pao xt)? (4.97) 


P 4@) is the space projection spanned by column vector of matrix A(@), and the 
expression is given as follows, 


Paw = A()(A#(8)A(0)) A" 0) (4.98) 


So the maximum likelihood estimation of parameter 0 can be obtained by maxi- 
mizing the logarithm likelihood function in expression (4.99). 


L 


L0) =Y |Paox a]? (4.99) 


l=1 
Simplified by: 


L 


L 
2 
L;(0)=) | Pax (t)| =) Pao x GNT Pho 
I= I= 


L L 
= Paw > x(t) x") Pie = (Pio » saps") (4.100) 


l=1 l=1 


z L 
Due to projection matrix P A) = Pi with R = tE x(n)xt C), so the 
i=1 


maximum likelihood solution of 6 is shown as expression (4.101). 
6 = arg max(tr(P.4))) (4.101) 


ML height-finding needs multi-dimensional space spectrum search, namely the 
two-dimensional space spectrum of direct angle and reflection angle search for their 
corresponding maximum in expression (4.101). Based on the geometry relation- 
ship shown in Fig. 4.4, the corresponding reflection angle can be calculated by 
searching direct angle, and the two-dimensional angle search can be simplified as 
one-dimensional angle search, which reduces the computational complexity signifi- 
cantly. 

The flow of maximum likelihood algorithm in height-finding of metric wave radar 
is shown in Fig. 4.11. 
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Fig. 4.11 ML algorithm : 
height-finding flow 


to estimate the covariance matrix 
Rof array data 
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to build the projection matrix 
P, of non-stop and multipath 
guiding matrix 


| 


to calculate function | P.. R 
search elevation corresponding to 
the maximum value, and 
calculate the altitude 


The maximum likelihood algorithm is a non-linear multi-dimension optimiza- 
tion problem, which needs multi-dimensional search for global extremum and 
huge computation. The two-dimensional downward one-dimensional search method 
based on geometry relationship reduces the computational complexity significantly, 
but the precondition of the simplification is that ground reflection can be consid- 
ered as specular reflection. Otherwise, it will seriously affect the performance of 
dimension-reduction ML algorithm. Afterward, some ML simplification algorithms 
are given, such as genetic algorithm (GA), iteration quadratic-form maximum like- 
lihood (IQML), bearing estimation method (MODE) and alternate projection (AP). 
Let’s introduce the AP algorithm in the following paragraphs. 

Alternate projection (AP) algorithm is a method of alternate optimization and 
projection matrix factorization. Alternate optimization is a simple solution method 
related with multi-dimensional optimization which is implemented by iterating. 
Every step of the iteration optimizes one parameter, while the other parameters 
remain the same, so the i + 1th iteration for git) can be obtained by the following 
one-dimensional optimization. 


(+1) a 
0; = maxtr(P PRO) = R) (4.102) 
Ok [A(@q).a(4x)] 
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In the expression, P is alternate projection matrix, R is the covariance matrix of 


the echo signal, and eo denotes the calculated parameter vector for dimension of 


: ~(i) aH) © ~(i) 
N — 1, so OQ) = B stig Oe a0 pauicall se 
For each parameter optimization, the algorithm can find an extreme point of its 
likelihood function along the parameter’s axis direction, while the search speed lies 
on the speciality in close proximity to the peak of likelihood function. The following 
is a brief introduction to an effective initialization. 
Firstly, the DOA estimation of the first signal is given as follows, 


(0) x 
0; = max (P = R) (4.103) 
A a(6\) 


(0) 
Then, suppose the first signal source lie in 60} , the DOA estimation of the second 


signal is solved, 


(0) ` 
6, = maxrr(P ibe R) (4.104) 
2 [a(6,),a(@2)] 


According to the above method, namely for the ith iteration while keeping the 
(0) 
former k — 1th calculated value unchanged, 6, is given herein until the Kth initial- 


ization is solved. The alternate optimization method is to simplify the complicated 
multi-dimensional search issues into several simple one-dimensional search issues, 
which can reduce the optimization computation cost significantly. However, the com- 
putation cost remains rather huge, because it needs to calculate the projection matrix 
when solving the issues and it involves matrix inverse and multiplication operations. 
One upgrade expression for matrix projection will be introduced in the following 
paragraph as to simplify the operation of each iteratation. 

Let B, C as two arbitrary column full rank matrix with same rows, and supposing 
Pip.c) as subspace projection matrix spanned by the column of matrix [B, C], so 
according to the inversion formula for partitioning Hermite matrix, we can obtain 


B'B BEC] BE 
C's CC g" 
= Pp+U- Pg)C[CĦUA — Pp)C] C8 — Pp) (4.105) 


Pig, = [B, o 


Supposing Cg = (I — P g)C, the upgrade expression of the projection matrix is 
given by 


Pip.cj= Pge+Pc, (4.106) 


Substituting the above expression into (4.94) and optimizing, we can obtain 
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P òo ` =P w +P. (4.107) 
[A@qy),4(94)] Aq) a0) Ww 
A(O(K)) 
Here, a (0%) Oo = (1-P -© Jav. 
AOW) AlOw) 
-O / aa a0 NT a0 
P oò =AOw(4 (Gj) AG) A (Ow) (4.108) 
AO w) 
-1 
m =a(0;) _@ GO i) a(Ox) so) a” (04) (i) (4.109) 
ali) © AlO w) AlO w) AlO w) A(«) 


A(® (Ky) 


If the constant term independent of 6; are ignored, we can obtain 


G+) A 
0, =maxtr| Pp o _7R (4.110) 
Ok [aeua] 
Or 
G+) 
6, =max{X™Pp o _ 4X (4.111) 
Ok [aeua] 


The AP algorithm introduced above is essentially the method that combines alter- 
nate optimization and projection matrix factorization, translating the complicated 
multi-dimensional search issue into several simple one-dimensional ones, which 
reduces the computation complexity of ML algorithm signicantly. 

If there are only two signal sources, the original value should be solved firstly. 
Assuming that there is only one signal source 04, so the original value 9 is 


9 = arg max tr (Piawrk) (4.112) 


an 


Then, to iterate the value of the second signal source as”, and to suppose the first 
signal source lie in 9 , SO 


o = arg max tr( Preaek) (4.113) 


62 


Then, 6)”, 0,0, ..., AP? PPFD, a?P*? 9 P+) can be solved by iterating 
in turn, until oe? = arr bias ay? —_ Ce. and the iteration digraph is given as 
Fig. 4.12. 
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Fig. 4.12 Two-dimensional 
alternate projection process 0, 


a = 


A g g® 0, 


4.4.3 RELAX Algorithm 


RELAX algorithm proposed by Li Jian and Stoica is a so-called flabby solid algorithm 
for system error and environment additive noise distribution suppose hypothesis, and 
is also one mix spectrum used for estimating coloured noise, which only needs simple 
FFT operation during search. 

To construct the cost function related with arrival angle 0 and signal waveform 
s(t), l= 1,..., L, 


L 2 


Fi (0, s(t), S(to), ...,S(tr)) = 5 


l=1 


K 


x(t) — X aOeli) 


k=1 


(4.114) 


F 


where, ||-|| z denotes Frobenius norm. 
Supposing there are K(1 < K < K) signals, and the signal matrix x; (t;) is given 
as follows: 


K 


x(t) = x(t) YO ast) (4.115) 


i=1,iŻk 


where, GANS Liżk is the estimated value. 
Therefore, the cost function of the kth signal parameter is given by, 
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L 
2 
Foa (Oks SKC), K), <--> KELD X larl) — a) 5K()II (4.116) 
l=1 


Derivation on s (t1), sk (t2), . . - , Sk(tL) and & by F>, the parameter estimation of 
minimum F; is given by, 


Ho t 
y EW] PAaL (4.117) 
N O,=6 
E 
6, = arg max Y` |a" (0px)? (4.118) 
a i= 


The estimation value of ô, is corresponding to the maximum of |a" (0; ) x, (ti) |? /N, 
therefore, it can be achieved by Zero-Padding (ZP) FFT on x; (t;). The above angle 
and waveform estimation may be implemented by iteration process, and the steps 
are given by, 


(1) Suppose K = 1, here xı (t) = x(t), the estimation of 6 and ŝı (t) can be 
implemented by expressions G. 118) and (4.117). 

(2) Suppose K = 2, substitute 6, and ŝı (tı) obtained by step one into expression 
(4.115) to calculate x2(t;), and similarly for 6, and $(t;). Then, substitute 6, 
and 5>(t;) into expression (4.115) to recalculate xı (t), reestimate 6 and $ (tı) 
by expressions (4.118) and (4.117), and iterate repeatedly untill convergence. 

(3) Suppose K = 3, substitute 6, Sı (tı) and b>, S2(tı) obtained by step (2) into 
expression (4.104) to calculate x3(t), and 6, and $3(t;) may be obtained by 
expressions (4.118) and (4. 117). Then, to calculate x; (t) by 6, $ S2 t) and 63, 
83 t), and to reestimate 6 and 5) (t). And then recalculate x2(t;) by 61, Sı (tı) 
and 63,8 53(t;), to estimate 6, and 5>(t;), and iterate repeatedly untill convergence. 

(4) Let K =4,5,..., untill K=K; angle and waveform estimation of K incidence 
signal can be implemented by similar iteration process. 


The zero padding FFT does not add any new information, but there will be more 
points after transforming the frequency domain. Therefore, the calculation amounts 
of zero padding still remain huge when high angle precision or two-dimensional 
angle estimation is required. The following interval FFT method can avoid huge 
calculation complexity. 

The FFT w Point N on receiving array data X, direction cosine corresponding on 
gridis Ao = § A , and obviously it can not satisfy the required accuracy. Suppose that 
the grid corresponding to the maximum value is @, so the maximum value should 
appear around @, for about half of grid. We didn’t carry on thinning search on 
[ô — Aw/2, © + Aw/2], but to choose three points (ô — Aw/2, ô, ô + Aw/2), 
and compensate on X by phases corresponding to the three points. The direction 
cosine with biggest amplitude will be chosen, such as ô — Aw / 2, and then choose 
one point each on left and right which is centered on ô — Aw/2, to rebuild three 
points and search for the biggest one. To choose one point as (ô — Aw/4,@+ Aw/ 4) 
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Fig. 4.13 Dichotomy search diagram 


from left and right, its direction cosine interval chooses half of the former one. Such 
process is repeated M times until the interval Aw/2” is less than the positive number 
£ (very small) of the given value, and the gained direction cosine for the maximum of 
“one from the three” is corresponding to the target angle. The above direction cosine 
interval selected by per iteration is half of the last time, therefore it is also called 
dichotomy. The search process is shown in Fig. 4.13, and u denotes the iteration 
times. 

To choose the sequence length M of zero-padding FFT according to required 
search accuracy (grid size), and the required frequency precision is A/Md. FFT needs 
M log, M times of complex multiplication, while the dichotomy search needs 2log 
(M/N) + N log (N) times, and for N = 22 and M = 512, the computation complexity 
of dichotomy is about 1/15 of zero-padding FFT search. 


4.4.4 Sparse Solution Method 


Sparse representation has drawn more and more developer’s attention due to its appli- 
cation in various fields, such as blind signal separation, Inverse Synthetic Aperture 
Radar (ISAR), band-limited function extrapolation and spectral estimation, and also 
signal reconstruction and classification. It is used to show some signal features by 
seeking certain transformation relationships in a group of primer vectors which cor- 
respond to one sparse vector of the signal, and to carry out virtual extension on length 
of the original data under restriction condition, which is characterised with higher 
resolution and lower sidelobe. 

Y is the sparse solution of M x L, whichis expatiated as minimum vector (element) 
founded in overcomplete vector (element) set which is used to represent the data 
matrix X received by the array. It can be expressed as the following solution issue 
for underdetermined equation: 


FY+V=X (4.119) 
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where F is one matrix for N x M (N < M is to ensure sparsity), Usually, to 
suppose F is roll full rank, which can be expressed by DFT coefficient matrix, such 
as F[n, m] = (1/M)ei27/M | and also can be used with beam scanning coefficient 
F[n,m] = exp(j a(n —l1)d sin($m)), where ¢,, denotes mth angle for the sparse 
solution within pitch angle. Most elements of the column vector used for sparse 
solution Y is 0, and V is the additive white Gaussian noise independent of Y. That 
is, data matrix X can be represented by the minority column of F. The maximum a 
posteriori estimation of R, can be expressed as, 


Y wap = arg maxln f(Y|X) 
Y 
= arg max[ln f(X|Y) + In f(Y)] 
Y 


= arg max[ln f(X — FY) + 1n f(Y)] (4.120) 
Y 


Suppose element V subject to the Gaussian distribution of the zero mean, and 
each element is independent and identically distributed, while Probability Density 


Function (PDF) is fyna (u) = z= exp(—u?/207), 1 <n<N,1 <I <L, 
where ø? is noise variance. Similarly, suppose Y[m, l] is independent and identically 


distributed that satisfies the random variables of generalized Gaussian distribution, 


Yim gu) = exp(—lu|” /28”) (4.121) 


pP 
243gr (1) 


where, p(< 1) is used to control the form of probability density function, £ is the 
generalized variance, I (-) denotes the standard Gamma function. Sparse solution can 
be achieved by choosing 0 < p < 1, which is discussed in a great many literatures. 

Substituting fying (u) and fyim (u) obtained from above into the expression 
(4.120), hence 


Y map = arg min J (Y) (4.122) 
Y 


where, cost function J (Y) can be expressed as, 


JY) = [IFY — X|} + yE” (Y)] (4.123) 
Here, ||-\|p denotes F norm, E®Y) = Plm = 


p/2 D ss ‘ ; 
j? is sparsity, y = % is to trade fitting-quality 


ee pas [Y[m, l] ) BP 

| FY — X F and sparsity E® (Y). The larger y emphasizes minimized 
AR = R; — Ra, which will generate many sparse solutions with lower non- 
zero elements. At the same time, the fitting-error will be increased, and vice 
versa. 
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Derivating J(Y) on Y and set it to zero, and 


Y=WF[FyFiteIy] X (4.124) 


where, (-)# denotes conjugate transpose, W = diag (IY tmz”), m= 
1,...,M, Fw & FW, Y[m] denotes the m row of Y, Yim] = 
ee |Y[m, ar) k= Be, I y is the unit matrix of N x N. 

The suffix u denotes iteration number, and the iteration process for solution spar- 
sity is, 


(1) Initialize W; = Im, Fw, = F, for array data X, the initial value Y; for 
sparsity solution obtained by expression ¥ = F‘X, and calculate cı[m], m = 
1,2,..., M by expression (4.125). 


L 1/2 
culm] = |Y abn], = (>: yt.) (4.125) 
=l 


(2) For u > 2, calculate W „+1 by expression (4.126), 
Wai = diag( [clm] ™?®), m=1,...,M (4.126) 
(3) Calculate Fw,,, by expression (4.127), 
Fw, = FWysi (4.127) 


(4) Obtain Y,,41 by expression (4.128), and calculate c,,4;[m],m = 1,2,...,M 
by expression (4.125), 


=i 
Y= Wrst Fi a| Fwa Fha tein] X (4.128) 


Y,-Y,-i|l, nee oe ; 
+ < ô, if it meets convergent condition, the iteration 
u-i || F 
process will end, otherwise u —> u + 1, and to repeat the iteration of steps (2)-(4). 
The selection of parameter p is determined by the convergence speed and sparsity 
of the sparse solution. It has been proved that a smaller p can make the iterative 
algorithm converge faster, however, but it also makes it possible for the algorithm to 


get into a local minimum value. 


When ratio factor 
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Fig. 4.14 Multipath echo 
diagram of flat position 


target 


antenna 
array 


4.5 Terrain Matching MUSIC/ML Algorithm 


The conventional ML algorithm introduced in Sect. 4.4.2 carry out two-dimensional 
matching by building guiding matrix for direct wave and reflection wave, which 
can achieve high efficiency for high-finding in very smooth position environment. 
However, for certain undulate reflection position, the multipath reflection is no more 
a strict point-reflection mirror echo signal, so there is a certain mismatch between 
practical echo signals and theoretical signal model, resulting in poor high-finding 
performance, where one high-finding algorithm that fit for smoother position (0 < 
on < A/(16sin(W))) should be adopted. Considering the reflection coefficient and 
the phases produced by distance difference for multipath reflection and direct wave, 
an accurate multipath reflection signal model should be created so as to reduce the 
parameter numbers to be evaluated, to improve the parameter estimation accuracy, 
and a maximum likelihood algorithm based on terrain parameter matching is given. 

The reflector with certain undulation is given in Fig. 4.14, and the multipath 
echoes are still stressed on mirror reflection. Similar as expression (4.1), the echo 
signal x,,(t) received by the nth array element is, 


Xn (t) = Xan(t) + Xsn(t) + elt) 
= so(t)e sx Ra) + so(t)p(n)e Í E P+R) +e(t) (4.129) 


where, Xan (t) is direct wave signal, Xsn (t) is multipath signal, e(t) is white Gauss noise 
with variance of «7, output noise for each array element is counted independently, 
So(t) is target’s scattering signal, and p(n) is reflection coefficient. 

Similarly, the receiving model in expression (4.129) can be written in the form of 
vector, 


X(t) = (a (ġa) + PO K © a(g,)) - sot) + E(t) (4.130) 


In the expression: X(t) is the receiving data of each array element, a(ġa) 
and a(s) is the guiding vector for direct wave and multipath signal respec- 
tively, p = [p(1), e(2),---,e(N)]" denotes the reflection coefficient vector, 
K = [ki k --- Kyl, where x, = exp[—j2m (Rj (n) + R(n) — Ra(n))/A] is the 
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phase difference caused by the multipath distance difference, which is called multi- 
path factor, and E(t) is noise vector. 

According to the derivation from Sect. 4.2.2, reflection angle and distance differ- 
ence can be represented by direct wave gg and the altitude difference h, between 
reflection point and array centre, and guiding vector a(@,) is the function of search- 
ing elevation @ and terrain parameter h,. The corresponding target elevation can be 
obtained by the two-dimensional spectrum searching of ML or MUSIC algorithm in 
elevation domain and altitude difference h,. 

Firstly, to estimate the covariance matrix R of the array with receiving signals by 
expression (4.4), and gained noise subspace Uy with eigenvalue decomposition by 
expression (4.70). 

Then, to construct the compound guiding vector Asyum(@, h;) 


asum = a (ġa) + p O K © ahs) (4.131) 
Finally, the estimation value ĝa and h, of target’s elevation and reflector gap will 


be obtained by two-dimensional MUSIC spectrum searching on target’s elevation 
and reflector gap. 


-= 1 
(i, ĝa) = arg max : (4.132) 
isko Jat. 0s] 
F 


where, ® is the given elevation searching range, and H is the terrain parameter 
searching range. 
For ML algorithm, the process is similar. Firstly, to construct the project matrix 


Pa,,, Of the compound guiding vector Asum(@, h,), 
-1 
Pasun = Asum (abs msum) Aum (4.133) 


Then, ĝa and h, will be obtained by maximizing likelihood function, 


(i, ĝa) = arg max (tr( Pom ($, h,)R)) (4.134) 


h,E€H, oe® 


According to the derivation from Sect. 4.2.2, multipath distance difference 
Ri(n) + R(n) — Ra(n) is determined by reflection point height h(n), and the 
horizontal coordinate hy, (n) and vertical coordinate hy, (n) for reflection point meet 
the following relationship, and at the same time, the reflection point is at the terrain 
curve: 
eae Se Sea n=1,2...,N (4.135) 

hy (n) = h(n), n=1,2...,N 
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Fig. 4.15 Reflection point calculation sketch map 


The terrain curve is difficult to present in math expression due to practical terrain 
undulation, therefore the expression (4.50) is difficult to solve. It can be solved 
approximately by terrain stratification and curve fitting according to Fig. 4.15, and 
the steps are given as followings. 


Step 1: Stratify the reflection terrain based on undulations, and then according to 
searching elevation, account the horizontal coordinate h,.(n, m) and vertical coordi- 
nate h,(n, m) of reflection point for nth array element at the layer of m. In Fig. 4.15, 
the horizontal axis represents the horizontal distance from the radar position, the 
vertical axis represents the terrain undulation height, shadow represents the radar 
position terrain, sidelong broken line indicates terrain stratification, and “+” indi- 
cates the reflection point of the array element at each layer. 

Step 2: Lookup the nearest reflection points up and down sides in the radar position 
map, then take record as a and b. 

Step 3: Project point “a” and “b” vertically on the map of the radar position, and 
the projection point “c” and “d” will be obtained. The upright dashed in Fig. 4.15 
represents vertical projection. The position altitude between point “c” and “q” will 
be used to achieve curve fitting, and the curve “cd” will be obtained. 

Step 4: The intersection of the line “ab” and the curve “cd” is approximately the 
reflection point of the array element on the undulation terrain. 


It uses the information related with reflection position terrain and a high-accuracy 
three-dimensional digital elevation map, combined with in situ measurement, to 
search for the elevation data around the radar position coordinate and also the 
attributes and height of reflection surface. The undulation information of the reflec- 
tion point corresponding to each elevation by inversion calculation is obtained, and 
create the curve for terrain undulation parameter. Through the checking table, you 
can find the terrain undulation parameters corresponding to each search elevation, 
and calculate a more accurate distance difference, and create a multipath factor x, to 
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Fig. 4.16 Process flow for terrain matching ML algorithm 


achieve the matching with practical echoes signal model. The process flow is given 
as Fig. 4.16. 


4.6 Multipath Distributed Source Model Height-Finding 
Method 


Although multipath is considered to be an approximate analysis method produced by 
only one point of the terrain geometrical reflection point, it can give some reasonable 
results. Practically, due to some roughness on the ground, it is obviously unfeasible 
to present multipath phenomenon through only one image source. The area around 
the ground geometrical reflection point has a large effect on the signal received by the 
radar antenna, especially for greater ground roughness. The multipath model created 
in Sect. 4.2 is inapplicable, so the rough surface diffuse scattering should be built. 


4.6.1 Distributed Source Model 


When the rough surface of the ground is increased to the Rayleigh criteria, the signal 
from target to the rough surface is not the entire mirror reflection, but also scattered at 
other incident angle. The signals received by the radar antenna should be the sum of 
mirror reflection component and diffuse reflection. On unit area, the diffuse power is 
much less than the mirror reflection power. It can be considered that the total mirror 
reflection power is from the point source of target’s mirror image, while the total 
diffuse reflection power includes the whole area between the target and the receiver. 
The rougher the surface, the lower the height, so diffuse reflection power is at the 
dominant status. 
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According to the Rayleigh criteria, the effective ground roughness is direct pro- 
portional to op sin w/A, so the reflection coefficient of rough surface for diffuse 
reflection should also be a function of surface roughness, grazing angle and incident 
wavelength. The reflection coefficient of rough surface for diffuse reflection can be 
represented as, 


Ta =TRa (4.136) 


where, Ra is the correction coefficient of surface rough diffuse reflection that is 
related with surface roughness oy sin y/A, and Ña is the mean value scattering around 
0.30-0.35 whose measured value is mostly between 0.2 and 0.4. 

Considering the diffuse reflection of surface, the receiving signal corresponding 
to (4.129) can be represented as, 


Xn(t) = Xan(t) + Xsn(t) + n(t) 


= so(t)e PTRA 4 f Ta (ne PEAS (k, t) + elt) (4.137) 
Q 


where, the second item is the integral of the diffuse reflection within effective surface 
reflection area Q, Rs;(m) denotes wave-path of kth diffuse reflection signal within 
reflection area Q2, I'g, (7) is surface reflection coefficient of kth reflection signal, and 
s(k, t) is kth reflection signal. 

For the convenience of analysis, only one-dimensional reflection area is consid- 
ered, so the multipath distributing source can be represented as, 


Rmax (^) 
TE / Da (meP RAS (k, t)dRyg(n) 


Rmin™ 


Rmax”) 
= T (n)so(t) l e PTRA o (k)dR(n) (4.138) 
Rmino 
where, Rmin (1) and Rmax (n) are the minimum and maximum multipath wave-path 
within 1st Fresnel zone of the nth array element, Tar (n)s(k, t) = T'(n)g(k)so(t), 
g(k) is the amplitude of kth reflection signal. When g(k) is a function of ô, the 
multipath reflected signal is obviously the signal source of the point target. 
It is difficult to determine the Rmin (7) and Rmax (7) in expression (4.138), so 
substitution is the simple distributed signal source mathematic model, and to converse 
the integral in expression (4.138): 
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Rmax”) 
mO =T) / e PARAM? (RAR y(n) 
Rmin 
= T (n)so(t) | e Paarl) sinB/ 9B — Gi) dB (4.139) 


where, 6; is the direction of arrival of the distributed multipath signal centre, g (8 — 6;) 
is the angle signal distributing function, and when g($ —6)) is the function of 6(B—6), 
the multipath reflection signal is the signal source of point target. 

Write the receiving signal model in expression (4.137) to vector form: 


X(t) = (Aa +T © As)so(t) + E(t) (4.140) 
where, 
Ag = [1, e7j27d sin ġa/A D pec nen D sin ga/A J" (4.141) 
A, = f aps -4a (4.142) 
a(p) = [1, erine, giana sin p/a J" (4.143) 


In fact, the surface multipath signal mode is difficult to determine, so only the 
mathematical expression for angle signal distributed function subjected to Gaussian 
distribution is given here. When the angle signal distributing function subjects to 
Gaussian distribution, 


— 1 (£ = bs)” 4.144 
6-0) = =— x - (4.144) 
Substitute the above expression into expression (4.143), 
A= E eo 82g -i2aed sin bs/2_ aero 1)7A2/2,,-j2nd(N Dang]! (4.145) 
When A = 0, A; = a(@s). 
Substitute (4.144) into expression (4.142), 
m/2 j 
[As]m = exp(jkdn sin(B)) : ex (6 — $5) dp (4.146) 
sim = p JITA P 242 ` 


=n /2 
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Approximate the expression (4.146), 


m/2 


. 1 EN\ -~ 
As m ~ j d i S . jkd Ss ) d 
[As ]m ~ exp(jcdn sin(@s)) J exp(jednő cos(ġ,) A oo 3 =) B 
= exp(jxdn sin(@¢s)) - [h]n (4.147) 
where, 
m/2 a 
h= f exp(jeanp cos) — A. (4.148) 
n= exp( jxdnB cos(¢s ex : 
i P\J ZZA p we 
According to integral formula, 
T P i 
f exp(—f2x?)exp(jl(x + v))dx = V7 exo(- 75) meam (4.149) 
The expression (4.147) can get a closed expression, 
[As]n © exp(jcdn sin(ġs)) exp(—(kd)’n? cos? (ps) A*/2) (4.150) 
Therefore, expression (4.142) can be written as, 
A, © a(gs) Oh (4.151) 


where, © denotes Schur-Hadamard product, [h], = exp(—(kd)?n? cos? (d,) A? / 2). 


4.6.2 Multi-dimensional Alternate Projection ML 


Actually, due to complex surface reflections, it is not possible to determine which 
distribution the multipath signal angle function subject to and what the distribution 
parameters of angle signals distribution function is. Take Gaussian distribution as 
example, there are three unknown parameters: a, Ọs and A. If three-dimensional 
searching is used, the computation is too complex, so a simple multi-dimensional 
alternate projection algorithm is given here. The algorithm flows are given as follows, 


(1) Suppose that multipath signals are point signal sources, ĝa and ds can be cal- 
culated using generalized constrained MUSIC algorithm. It will be used as the 
initial value for subsequent iterations. 
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(2) Search A initial value using compound guiding vector ML algorithm, and fix 
up ġa and ġ;, then estimate A. 


A = arg max(tr{ Asum [Atm Asim] ‘AUR I) (4.152) 
Ac Annge 
where, Awm = Aad + T © Ay is „compound guiding vector, Ag = 
i ei2ndsingy/A |_| e7j2md(N-1) sin aua is direct wave guiding vector, A, = 
` > 47 
1, e74/2e —j2ad sin bs /2 Lee (N 1)A?/2e j2nd(N lad is multipath guid- 


ing vector, Arange | is the garek range of A. 
(3) Fix ds and A, and estimate the direct wave DOA. 


ĝa = arg max(tr{ Asum| AH Asam] ‘Au Rt) (4.153) 
pac? 


where, ® is the searching range of ġa. E 
(4) Repeat step (2), step (3) and step (4) until the ġa is unchanged. 


4.7 Height-Finding Based on Self-Adaptive Beam Forming 


For height-finding on rough position, after long-term analysis of the meterwave radar 
data, a meterwave radar height-finding algorithm based on adaptive beam forming 
is proposed, which can solve the height-finding problem of the rough position. 

Adaptive beamforming is a airspace filtering technology that can restrain space 
interference and noise, and increase useful signal energy effectively. It has been exten- 
sively used. Adaptive beamforming method has been introduced into the meterwave 
radar height-finding, because radar height-finding branch has passed through travel- 
ing wave formation, pulse compression and filter processing, and target’s echos are 
characterized with higher signal noise ratio (SNR). Target direct echo and reflection 
multipath echo are considered to be sidelobe jamming in two unknown direction, 
and two nulling generated during the search which correspond to the adaptive beam 
of current search height and its multipath reflection angel, and also carry out beam- 
forming on the array data. If beam nulling only eliminates the echo, then the energy 
after beamforming here is minimal, and the angle corresponding to the nulling is the 
target elevation. 

In height-finding module, it is necessary to realize one-dimensional angle search- 
ing. Setting current searching elevation as ¢;, the reflection angle can be calculated 
by direct angle with geometrical relationship, as shown in expression (4.30). 

Set direct wave as unit signal, and set ¢; and ¢; as target direct wave angle 
and reflection wave elevation respectively, and combine the expression (4.140), the 
covariance matrix of echoes received by the array is given as follows, 
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Fig. 4.17 Adaptive 
beamforming diagram 


R; = (APATA) + (T OA) (T © A.(o;))") (4.154) 


Calculate the array weight vector W; and eliminate the jamming of ¢; and ¢; by 
the beam whose direction is œp, that is to calculate the criteria resolution based on 
the minimum noise difference: 


1 
W; = argmin (3w"Rw) (4.155) 
W"alh)=1 


Here, Lagrange multiplier method is used to obtain, 
W; = WR; 'a(gs) (4.156) 


The adaptive beamforming coefficient W; obtained in this way will form nulling 
in place of ġ; and ġ;, as shown in Fig. 4.17, 

In order to overcome beam distortion and sidelobe level increase, covariance 
matrix will generally be used for diagonal loading technology, namely, 


H 
R; = (Aa) ATO) + (T O A)(I O As@))") +2 -eye(N) (4157) 
where, eye(N) is the unit matrix of N x N, and e is the smallest positive constant. 
Three issues should be settled during the algorithm implementation. 
(1) Selection of main beamforming direction 


Consider two aspects of the main beamforming selection: 


(a) Close the “jamming” angle as much as possible and ensure a larger interference- 
to-noise ratio for cancelling. 
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(b) Keep away from the nulling to avoid the problems of waveform direction offset 
and distortion. 


Combine theoretical simulations and measured data, and it is relatively appropriate 
to choose Øp € ($i + 1/2 - p3aB, Qi + $348), Where sag is 3 dB beamwidth. 


(2) Calculate adaptive beamforming coefficient off-line 


During the elevation searching, if it is necessary to calculate the adaptive beam- 
forming coefficient in real time, the coefficient of each searching angle needs to be 
calculated independently. Due to the complex covariance matrix operation and matrix 
inversion, the requirements on hardware resource are higher. The adaptive beamform- 
ing coefficient is generated off-line, namely to calculate the adaptive beamforming 
coefficient corresponding to each searching angle beforehand, including amplitude 
weighted, and then import it into the SDRAM of height-finding hardware processing 
platform. The relevant coefficient will be folded in for beamforming during angle 
searching. The relevant coefficient produced in advance for each searching angle by 
computer within interested elevation range will reduce the amount of computation, 
reduce resource requirements and save processing time significantly. 


(3) Combine with position peculiarity 


The height-finding algorithm based on adaptive beamforming is suitable for both 
flat position and rough position. Therefore, for positions where the tilt position is 
inclined at a certain angle and the is likely to cause severe diffuse reflection, it 
can improve the algorithm stability and height-finding accuracy by combining with 
position peculiarity. 

The height-finding processing based on adaptive beamforming is given in 
Fig. 4.18. All data generated by beam from each row is firstly calculated as the 
array covariance matrix, then the beamforming coefficient corresponding to search- 
ing elevation is read on the SDRAM of signal processing board, and finally the height 
of the target is calculated according to the searching elevation corresponding to the 
minimum of beamforming energy. 


4.8 Conclusion 


Due to advantages in anti-stealth targets and counter anti radiation missile (ARM) of 
meterwave digital array radar, it plays more and more important roles in modern radar 
network. However, since it is easier to be affected by surface reflection and leads to 
wavebeam splitting because of its longer wavelength, width wavebeam, especially 
when measuring low-angle targets, the waveform irradiates on the ground, intensive 
surface reflection and serious target’s multipath phenomena, meterwave radar have 
poor height-finding performance and even completely failure. Apart from electric 
wave refraction effect caused by the inhomogeneity of the low-layer atmosphere, the 
received signals also include multipath interference effect by the mirror reflection 
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Fig. 4.18 Height-finding processing based on ADBF 


and diffuse scattering of surface. Therefore, it is an urgent and critical key issue to 
improve the angle-measuring accuracy of meterwave digital array radar. 

This chapter carries out angle resolution and height-finding on the low-elevation 
target direct wave and multipath reflection echoes received by radar by reasonable 
algorithm design. Firstly, the height-finding principle and signal model of multi- 
path reflection under condition of flat and spherical model are given. Then, some 
classical height-finding methods of meterwave radar are introduced, including beam 
splitting height-finding methods and common array super-resolution height-finding 
algorithm. The multipath echoes signal modeling method is given for actual undula- 
tion and complicated reflection position, and super-resolution height-finding method 
based on terrain matching, multi-dimensional alternate projection ML algorithm 
and height-finding method based on adaptive beamforming are proposed, which 
effectively solve the challenges of high resolution, high measurement accuracy and 
position applicability that meterwave radar faces. 
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Chapter 5 R) 
Metricwave Radar Anti-jamming get 
Technology 


5.1 Particularity of Metricwave Radar Anti-jamming 


Apart from radar signals, there are a great deal of civil television, modulation fre- 
quency radio and communication signal in crowded metricwave frequency bands, 
which are usually adjacent to radar operation frequency, with very high power and 
incessancy, therefore metricwaver radar should firstly be characteristized with anti- 
jamming capability in strong civil electromagnetic signals. Mostly, civil jamming 
signals are continuous or quasi-continuous, and they are very difficult to be sup- 
pressed effectively in time domain, so some measures taken in frequency domain 
and space domain will be more effective. The technical measures taken for space 
domain filtering mainly include antenna low-sidelobe design and sidelobe cancel- 
lation or nulling. The key solution for frequency filtering is the receiving channel 
design. Moreover, the detail methods will be introduced in Chap. 6. 

With aspect of anti-jamming, metricwave radars are usually characteristized with 
wide antenna lobe, higher sidelobe level, and weak direction selection. Further- 
more, the narrower frequency of metricwave radar is easier to be reconnaissance and 
intercepted; therefore the hostile jamming will be more pertinent, which can adopt 
jamming measures efficiently, such as spot jamming and deception jamming. So the 
first issue should be taken into account for metricwave radar anti- jamming is how to 
reduce interception probability, and the methods for antenna low sidelobe, random 
access scanning, spectrum spread, frequency agility and variable polarization. 


5.1.1 Electromagnetic Environment of Metricwave Band 


(1) Civil Radio and TV Jamming 


The frequency band of metricwave, civil radio and TV have some overlap section, 
so there is mutual jamming between radar signals and TV ones. Chinese television 
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Table a Radiovision signal Channel | Frequency Image carrier Sound carrier 
distributing in metricwave 
band range frequency frequency 
i (MHz) (MHz) 
6 167-175 168.25 174.75 
7 175-183 176.25 182.75 
8 183-191 184.25 190.75 
9 191-199 192.25 198.75 
10 199-207 200.25 206.75 
11 207-215 208.25 214.75 
12 215-223 216.25 222.75 


is the version of PAL D/K, and the channel frequency similar to metricwave radar 
can be divided as Table 5.1. 

The main jamming within the working band is TV signal jamming whose inter- 
ferential value is similar to the central frequencies of TV image and TV sound. 

Due to receiving DBF carried out in digital domain, wider single antenna element 
beam, and less main and sidelobe are achieved. Therefore, whether radar mainlobe 
aims in the direction of TV tower transmitting antenna, there exists certain jamming. 
The radar anti-jamming capability can be improved by the inhibitory effect channel- 
ized filter and digital filter, which requires better rectangle coefficient in design. 

The sidelobe jamming impact of radio and TV frequency on radar mainly embody 
enabling receiving channel saturation. Under the circumstances of un-saturated chan- 
nel, sidelobe TV jamming can achieve main and sidelobe rejection ratio and sidelobe 
cancellation ratio after DBF, which will be reduced about 30 dB, thus to decrease 
the jamming on radar. 


(2) Universe Noise Jamming 


In metricwave band, antenna noise is stronger, and the noise in low-end higher 
than high-end, which mainly caused by the Sun noise and the Milky Way noise, 
where the two biggest ones are the Milky Way central area and the Sun. The field 
angle of the Sun corresponding to radar observation point is about 0.53°, and at the 
low end of metricwave band (<100 MHz), when the Sun is quite the equivalent noise 
temperature in the angle is about 10° K, while it will be about 10’ K during several 
hours after Solar burst. 

Universe noise distributions are given in Fig. 5.1, in which Milky Way noise 
is mainly used. The Milky Way central noise is the strongest, and the filed angle 
of the strongest corresponding to radar observation point is about 3° x 3°, while 
the maximum equivalent noise temperature at the low-end of metricwave band is 
up to 10° K; the weakest noise is at the direction of the Milky Way pole, and the 
equivalent noise temperature at the low-end of metricwave band is about 3000 K; 
geometric mean of hemispherical coverage at the low-end of metricwave band is 
about 15,000 K. 
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Fig. 5.1 Universe noise distribution 


Antenna noise temperature is the space angle weighted average of various noise 
source temperatures within the receiving antenna lobe. Metricwave radar is used to 
design one fixed value for antenna noise temperature, which usually derives from 
geometric mean of hemispherical coverage. It is very irrational for new AESA met- 
ricwave radar. For example, when the beam points at the Sun in burst, the radar 
background noise (hemispherical average noise) at the low-end of metricwave will 
be 5 dB higher than the designed one; when beam points at the central area of the 
Milky Way, the radar background noise will be 3 dB higher than the designed one; 
when the beam points at the direction of the Milky Way pole, the radar background 
noise will be 6 dB lower than the designed one. If the system design according to 
average noise ground, then the beam points at the Sun or point through the Milky 
Way central area within the scope of beam scanning, radar detection performance 
will obviously decrease. Moreover, if the beam points are at other areas, there will 
be much design margin. Therefore, by way of obtaining uniformed detection per- 
formance, the AESA metricwave radar working on low frequency should adjust the 
dwell time and pulse width according to the difference of the background noise of 
each position corresponding to hemispherical average noise. 
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5.2 Advanced Metricwave Radar Anti-jamming 
Technology 


The main advanced metricwave radar anti-jamming technologies will be introduced 
in terms of following airspace, waveform domain, energy domain and processing 
domain. 


5.2.1 Airspace Domain Anti-jamming Technology 


Airspace domain anti-jamming technology for new system of metricwave radar 
mainly include jamming orientation and adaptive beam nulling, random access scan- 
ning, sidelobe blanking and sector silence. 


5.2.1.1 Adaptive Beam Nulling 


New metricwave radar adopts adaptive array antenna and digital beam forming tech- 
nology, which can realize adaptive beam nulling in the direction of jamming source 
to improve anti-jamming efficiency. 

The purpose of adaptive beam nulling is mainly to counter the active jamming 
from the sidelobe. Firstly, jamming source direction should be measured based on 
the space spectrum estimation of jamming source signal, and simultaneously to form 
multi-assistant beams pointing to jamming source, and Fig. 5.2 shows the flow chart. 


(1) Jamming Orientation 


Jamming orientation technology is mainly to analyse spatial sampling data by 
signal processing, to form spatial distribution of jamming signal, to estimate jamming 
azimuth and elevation, and then the accurate jamming angle information is sent to 
carry out tracking and estimation by data processing. 

Jamming source orientation and analysis processing flow chart are given as 
Fig. 5.3. 

Angle measuring accuracy and signal to noise ratio (SNR), antenna beam width 
is subjected to the following relationships: 


mainbeam forming 
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Fig. 5.2 Adaptive beam nulling flow chart 
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Fig. 5.3 J amming analysis results sent 
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(2) Adaptive Nulling 


Adaptive nulling forming technology mainly adopts AA adaptive processing tech- 
nology, which ranges part adaptive beam forming method of sub-beam. Firstly, it 
estimates the active jamming direction by beam scanning, and then to form assistant 
beam of pointing jamming at the direction of active jamming, thus to reduce the 
high-dimensional covariance matrix into (J + 1) x (J + 1) covariance matrix, where 
J is the active jamming number. The cancellation of jamming can be achieved by 
main beam and assistant beam adaptive processing. Figure 5.4 shows the realization 
principle of AA algorithm. 

Let y(t) as the response of main beam, x; (t), i = 0, 1,--- , J — 1 is the assistant 
beam response of J pointing jammings. One covariance matrix for main beam and 
assistant beam response can be achieved by N snapshots on jamming background in 
far zone. 


Fig. 5.4 AA algorithm 
realization principle three-stage DBF 
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Fig. 5.5 Adaptive nulling adaptive nulling lobe pattern (-40dB Taylor weighing) 
lobe pattern 
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(5.2) 


Thus, the optimum weight after dimension reduction is, 
_ , p-lpH 
Wopt = UR; T” as, Ps) (5.3) 


where, T = [a(0m, m), a(00, Yo), a(01, 91), +-+- , a(Os_-1, Py-1)] is the transfor- 
mation matrix after dimension reduction, (0s, Øs) is the target direction, (Om, Qn) 
is main beam direction, (0;,¢;), j = 0,1,---,J — 1 is jamming direction, 
y = a” (Om, Ym)a(Os, s) is main beam output, and x; = a” (0;, pjJa lOs, Ps), j = 
0, 1,--- , J — 1 is the assistant beam output. The array optimum output is, 


Yopi (t) = Ly(t)x1(t)x2(t) . X11 Wop (5.4) 


(3) Simulation Verification 


Suppose there are 10 active jammings, all element’s jamming-to-noise ratio is 
48 dB, amplitude weighted is —40 dB Taylor weighting, snapshot number is 32, 
root-mean square error for array receiving channel amplitude is 0.5 dB and phase 
root-mean square error is 2°. Assistant beam pointings that take jamming pointing 
as mean value disturb uniformly, assistant beam and jamming direction are shown 
in Figs. 5.2 and 5.3, and the lobe pattern after cancellation is shown in Figs. 5.5, 5.6 
and Tables 5.2, 5.3). 

The simulation results show that with higher jamming-to-noise ratio, 
better cancellation effects are achieved. When the jamming-to-noise ratio is higher 
than 10 dB, the null depth employing the algorithm in the direction of jamming is 
better than —55 dB. 


5.2 Advanced Metricwave Radar Anti-jamming Technology 107 


hey 
Aj 


tii 


arati WU l-i | NN i] 


a a a 
azimuth(°) elevation() 
(a) Horizontal profile (b) Vertical profile 

Fig. 5.6 Lobe pattern after adaptive jamming cancellation 

Table 5.2 Beam pointing Beam pointing Azimuth (°) | Elevation (°) 
Main beam pointing 0 0 
Assistant beam pointing —32.2 0.2 
jamming 1 
Assistant beam pointing —19.3 0.1 
jamming 2 
Assistant beam pointing —4.6 0.3 
jamming 3 
Assistant beam pointing 4.7 0.2 
jamming 4 
Assistant beam pointing 6.1 0.2 
jamming 5 
Assistant beam pointing 0 1.7 
jamming 6 
Assistant beam pointing 0.3 4.1 
jamming 7 
Assistant beam pointing 0.4 8.2 
jamming 8 
assistant beam pointing 0.2 9.4 
jamming 9 
Assistant beam pointing 0.3 11.9 
jamming 10 
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Table 5.3 Jamming direction Target Classes | Intensity (dB) | Azimuth (°) | Elevation (°) 


Signal 0 0 0 
Jamming 1 20 —32.6 0 
Jamming 2 20 —19.3 0 
Jamming 3 20 —4.6 0 
Jamming 4 20 4.6 0 
Jamming 5 20 6 0 
Jamming 6 20 0 1.5 
Jamming 7 20 0 3.8 
Jamming 8 20 0 8.2 
Jamming 9 20 0 9 
Jamming 10 20 0 11.6 


5.2.1.2 Random Scanning Technology 


New metricwave radar employing random scanning mainly is used for anti- 
reconnaissance and countering deceptive jamming. The prerequisite condition for 
deceptive jamming is that denseness false targets distribute comparatively sparse. 
Under typical working condition, all beam position for the new metricwave radar 
employ random phase scanning to achieve target searching, to complete airspace 
coverage within certain period, and at the same time to keep no certain relationship 
between scanning frames of fixed position in one space, namely radar searching frame 
period is randomly various, which significantly reduce its reconnaissance probability 
by electronic device, and at the same time effectively counteract the active deceptive 
jamming. 

Beam position sort for conventional ranking two-dimensional scanning is shown 
in Fig. 5.7. 

The random scanning beam position is shown in Fig. 5.8. 
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Fig. 5.7 Conventional scanning sequence sketch 
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© denotes azimuth, ¢ denotes elevation 
figure denotes beam position number 
f denotes operation frequency 
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Fig. 5.8 Random scanning sequence sketch 


5.2.1.3 Sidelobe Blanking 


(1) Principle of Sidelobe Blanking 


The main function of sidelobe blanking antenna is to provide spatial overlap- 
ping level converging all sidelobe of primary radar antenna beam, which employs 
separated blanking antenna design, namely azimuth coverage by employing hori- 
zontal surface omni-directional antenna and enhancing antenna gain in vertical sur- 
face array. Conventional blanking antenna is characterised with large size, low gain 
and small range blanking in vertical surface. Taking account of digital array radar 
beamforming speciality, choosing some elements from the array, employing element 
re-using and achieving blanking beam with DBF, the blanking antenna design can 
be simplified. 

Through adjusting weighting coefficients of two-row elements and simulation 
calculation, it can be seen azimuth surface gain for overlapping level of blanking 
channel is —28 dB, which can cover —30 dB sidelobe for primary antenna of azimuth 
surface; the gain overlapping (—20 dB) in pitching surface (main cut) is better than 
50°. The aperture distribution of blanking antenna is shown in Fig. 5.9, and the 
overlapping relationship between the blanking channel and the primary antenna beam 
coverage is shown in Fig. 5.10. Figure 5.11 shows the simulation three-dimensional 
lobe pattern of blanking channel. 


(2) Engineering Realization of Sidelobe Blanking 


Sidelobe blanking processing flow chart is shown in Fig. 5.12. Sidelobe blanking 
processing is aimed at each beam position, each distance cell and each filter channel, 
i.e. to add one beam processing channel, the main channel will be closed when 
both main channel and blanking channel pass the threshold after pulse compression, 
filtering and threshold detection, and also the amplitude of latter is larger than former 
one. The detailed processing flow can be given as the following three steps: 


(a) to judge whether the blanking channel is saturated or not, where to saturated is 
supposed as 1, unsaturated as 0, and the judgment basis is saturation threshold. 
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Fig. 5.9 Blanking antenna aperture distribution 
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Fig. 5.10 Lobe overlapping comparatione between primary antenna and blanking channel 
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Fig. 5.11 Three-dimensional lobe pattern for blanking channel 
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Fig. 5.12 Sidelobe blanking processing flow chart 


(b) to carry out fast threshold-crossing detection on blanking channel, and to sup- 
pose passed as 1, no passed as 0, and the judgement basis is that distance element 
chooses large threshold and detection threshold. 

(c) to compare blanking channel and main channel intensity, and the judgement 
basis is comparison threshold. 


When the above three steps are satisfied, it is to determine whether to blank the 
distance element and filter output or not, and the detailed judgment criteria are shown 
in Table 5.4, where “1” denotes closing main channel output, “0” denotes not closing 
main channel output and “X” denotes the item unimportant. 

Actual measurements of counter active jamming during flight test are shown 
in Fig. 5.13. By actual comparison on measurements picture, apart from parts of 
falsehood plots in the direction of mainlobe, there are no falsehood targets in the 
azimuth of sidelobe after the radar system starts up sidelobe blanking anti-jamming, 
therefore the anti-jamming measurements take effect. 


Table 5.4 Blanking processing judgement criteria 


Blanking channel Blanking channel Blanking channel Closing main 

saturated threshold-crossing larger than main channel output 
detection channel 

No N X 0 

No X No 0 

No Yes Yes 1 

Yes X X 1 
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(a) No anti-jamming measures (b) With anti-jamming measurements 


Fig. 5.13 Sidelobe blanking test 


5.2.2 Waveform Domain (Time, Frequency and Intra-pulse) 
Anti-jamming Technology 


5.2.2.1 Complex Waveform 


Advanced metricwave radar can offer thousands of waveform combination in light 
of arbitrary operational parameter collocation, and the detail criterion is given as 
following. 

The operational parameters will be arbitrary combined in light of 
detection distance in practice. There are supposed K waveforms within 
each range and the transmitting repetition frequencies corresponding to K 


waveforms are (fri, fro,--:, frg), therefore corresponding duty ratio is 
(blind, blind, --- , blind), corresponding pulse width is (T1, T2,--- , Tx), corre- 
sponding pulse number is (71, n2, ++- , ng) and the predictive value for researched 


target is R. Let midre = mod(;=), and according to the following expression, 


C 
2 frk 
rg = min(| mod (R, midrg) — midrg x blind,|, | mod (R, midr,) 
— (1 — blind) x midr,|)/midr, 
[void, ko] = max(rı, PQ,°** y rg) 


PitngG,G,0o F2F2\ 
f? FaTsDoCgL 


Rmax = 239.4( (5.5) 


The corresponding transmitting repetition frequencies, pulse width and pulse 
number are given, adding transmitting waveform of related range bin formed 
by corresponding waveform modulation type. Several signal waveforms arrange as 
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pseudo-random sequence, to ensure different waveform within each pulse-to-pulse, 
so as to increase the difficulty of jammer reconnaissance, analysis and sorting asso- 
ciation. 


5.2.2.2 RF Protecting Signal 


RF protecting signal is used to differentiate targets and interferes or 
eliminate jamming signals by constructing certain transmitting waveform sequence 
employing signal replications with a jammer. Certain time source will be lossed with 
the method, and at the same time detection coverage will also be affected. 

The advanced metricwave radar employing RF protecting signal is mainly used 
for electronic anti-reconnaissance and countering mainlobe deceptive jamming. 

Usually, jammer can only forward the radar signal intercepted by the former pulse 
repeat period due to the restriction of processing delay. The jammer can only forward 
the radar signal intercepted by the former pulse repeat period to protect self object 
more closed to the radar, even the jammer can receive, replicate and forward current 
signal within short time, namely the interface signal always lag behind real target 
echoes. 

Therefore, it transmits multi-pulse signals on deceptive jamming. Due to the signal 
modulation rule within impulse signal of radar itself, which is unknown for jammer, 
therefore the relativity between jamming signals forwarded by current transmitting 
signal and jammer replication modulation is reduced. The reference signals that radar 
pulse compression employs are corresponding to current transmitting pulse, which 
results jamming signal mismatch thereby to decrease jamming effects, effectively 
restraining deceptive jamming. The waveform sketch is given in Fig. 5.14. 
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Fig. 5.15 Stepped-frequency radar transmitting pulse and local oscillator signal sequence 


5.2.2.3 Pulse Stepped-Frequency 


The advanced metricwave radar can employ pulse stepped-frequency to confrontate 
mainlobe narrowband noise suppression, mainlobe wideband noise suppression and 
mainlobe deceptive jamming. The prerequisite of employing the method is that radar 
system has precisely tracked targets. 

The stepped-frequency radar can cover with the whole operating range by moving 
range window. As shown in Fig. 5.15, different range window can set by the start 
time of stepped-frequency receiver local oscillator. 

Frequency difference that is smaller than bandwidth of intermediate frequency 
receiver can only pass through intermediate frequency receiver. The target range 
corresponding to range widow can be changed by altering basic frequency pulse 
position of stepped-frequency within local oscillator signals. The interested target 
range will be covered by continuously adjusting the basic frequency pulse position 
and moving range widow. The jamming coming into the receiver can be restrained 
by confining the receiver bandwidth. The stepped-frequency radar can choose targets 
to be processed by setting up receiver bandwidth (Fig. 5.16). 


jamming outside of range window 


wansmitting pulse target attenuated by IF amplifier 


e— 


pulse repeat period 


Fig. 5.16 Jamming restraining by intermediate frequency amplifier 
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Fig. 5.17 Pulse-to-pulse adaptive agility flow 


5.2.2.4 Frequency Agility 


Frequency Agility can be divided into pulse-to-pulse random frequency agility, pulse- 
to-pulse adaptive frequency agility and pulse cluster frequency agility. 

Pulse-to-pulse random frequency agility is that radar transmits signals working on 
the chosen frequency points randomly, which makes frequency measurement system 
of spot jammer that can not keep up with the variety of radar work frequency. 

The purpose of pulse-to-pulse adaptive agility used in advanced metricwave radar 
is to choose the method for confrontating wideband barrage jamming, as shown in 
Fig. 5.17. 

Jamming signal sample should be chosen from the radar interruption period, so 
as to avoid the effect of close distance clutter. Then, the interruption period will 
be divided into some time interval, corresponding to M working frequency points 
that can be separated into M segments. The radar working on M frequency points 
by turns receives jamming signals within M time interval, takes samples from all 
received jamming signals within M time intervals after signal processing, and then 
to calculate all mean value u, (being directly proportional to jamming average power) 
of jamming sampling. Let there N sampling points at each time interval, then, 


N-1 
1 
m = T ‘mn =0,1,...,M-1 5.6 
Umin = Min[um]; m = 0, 1,..., M — 1 (5.7) 


It is obvious that, umin is the low jamming average power within the M time 
intervals, therefore the receiver working frequency /,,,,,, Corresponding to this time 
interval is the frequency point with weakest jamming power to be find. As a result, 
the central frequency for next radar transmitting pulse should be shifted agilely into 
this frequency, so as to reduce the effect of the jamming on radar working. In this 
way, it achieves pulse-to-pulse adaptive frequency agility. 


5.2.3. Anti-jamming Technology in Energy Field 


Anti-jamming in energy field is an important measure for confrontating active 
jamming, namely power countermeasure, especially for confrontating mainlobe 
compression jamming. The echo signal power can be augmented by increasing 
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transmitting power, delaying the beam dwell time on target, or increasing the gain, 
thus to improve receiving signal to jamming ratio, which is beneficial for target 
detection. 

Advanced metricwave radar design is based on high power-aperture product anti- 
stealth idea, and the power countermeasures include pulse compression technology 
and long-time pulse integration. 


(1) Pulse Compression 


Pulse compression is an ordinary but effective measure to counter the power. 
Radar pulse compression refers to the course that echoes corresponding to wide 
pulse transmitting signals with TBP above | are transformed into narrow pulse after 
matched filtering. Pulse compression signal is usually linear frequency modulation 
signal, and its mathematical expression is given as following, 


s(t) = u(tel"* = A - rect (t / T yei ttm) (5.8) 


Based on matched filtering theory, its frequency characteristic acts as conjugate 
of input signal spectrum, thus its time domain pulse response is, 


h(t) = rect(t/T)ei™* eht (5.9) 


After matched filtering processing, the output signal is, 


inir B(t — tD] 
so(t) = AVTB at BU = ta) jarne- (5.10) 
a B(t — tg) 


Itis the signal with fixed carrier frequency as fy, envelopment is close to sinc func- 
tion, and TB is compression ratio D. According to expression (5.10), after matched 
filtering, peak voltage becomes VD times of the former one, and peak power becomes 
D times of the former one. It can be inferred that when implement noise jamming on 
radar, the signal to noise ratio output from a filter will increase D times, because radar 
signal processor match’s with signals but mismatches with noise jamming signals. 
For noise jamming to be effective, the jamming power of jammer at receiver input end 
must be D times than echo signal power, which is difficult for jammer power level, 
therefore pulse compression radar is characterised with strong confrontating noise 
suppression performance. The anti-jamming benefit value of the radar is approxi- 
mately equal to time width and bandwidth product. 


(2) Long-time Pulse Integration 


According to radar equation and jamming equation, 


P,G,G,i2 
Pj GaG jr 
= A (5.12) 


(4r)? R? 
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where, P, is transmitting power, G, is transmitting gain, G, is receiving gain, P; is 
jammer power, G, is the gain in the direction of jamming signal, G ; is jammer gain, 
o is the target’s RCS, and A is radar operating wavelength. 

Under the condition of pressing noise jamming, the phased radar beam aims at the 
jammer direction for long time, thus signal jamming ratio (SIR) will be increased by 
N times by pulse accumulation, where N is the integration multiple under conditions 
of being-jamming and no-jamming. When signal jamming ratio (S/J) reach the 
target detection threshold, target burned-out detection under condition of jamming 
can be realized. In practice, the gain from long-time pulse accumulation anti-jamming 
is also related with accumulation method and target motion character. 


5.2.4 Anti-jamming Technology in Processing Domain 


5.2.4.1 Jamming Elimination Based on Amplitude Deviation 
Coefficient 


Amplitude deviation coefficient is a physical quantity used to characterize signal 
stability. The jamming elimination method based on amplitude deviation coefficient 
can be used to counter mainlobe deception jamming. The jamming using false targets 
during missile terminal phase penetration is a typical mainlobe jamming, which can 
be use to differentiate true targets and false targets effectively, and then some integra- 
tion anti-jamming measures will be taken according to target’s speed and distance 
relativity. The method is an effective and truthful after measured data validation. 


(1) Introduction 


The stability of echo complex envelope and echo signal is related with jammer 
structure, flight attitude, radar parameter, radar working state and data length. Signal 
echo is difficult to cover the modulation period of target’s rotating structures due to 
its short transmitting period <5 ms usually. Modulation period characteristics should 
be extracted from a set of echoes (azimuth-distance two-dimensional complex enve- 
lope) swept targets by radar antenna, namely batch processing on transversal echo. 
A set of echoes swept targets by air defense radar antenna include stationary and 
non-stationary components, thus two-dimensional complex envelope processing can 
be implemented by stationary and non-stationary signal processing approaches. The 
number of effective echoes in transversal wave filtering of air defense radar is deter- 
mined by antenna scanning speed and radar repeated period. To ensure signal sta- 
tionary concurrently, the more effective echoes are more convenient for modulation 
characteristics extract. 

During target’s moving going with jammer, one same radial velocity is almost 
constant in the short time when antenna sweeps targets, while the jammer executes 
multi-dimensional modulation on targets all the time. The resulted echoes energy 
does not centralized as target’s echoes due to the echoes stability produced by jam- 
ming itself, is certainly not higher than the target one. The physical mechanism has 
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been proven by the data analysis results from the practical exercise of the real shell 
in observation data. 

The mechanism gives us a very good suggestion, namely to estimate amplitude 
modulation character by the variation of pulse-to-pulse amplitude. The amplitude 
deviation coefficient g, can be defined as, 


X 


& == (5.13) 
a 


where, amplitude mean value and variance can be denoted as, 4 = x 
a 


According to the expression, amplitude deviation coefficient g, is a relative quan- 
tity, and with the more value of g4, it shows the more amplitude standard deviation, 
Oa deviates mean value a, namely the echoes extent fluctuates significantly. The 
modulation component of jammer on targets occupies a large portion within the 
whole echoes, which suggests that the modulation of jammer on target’s echoes is 
significant. Whereas, if the value of g, smaller, it shows that the stable missile target 
echoes take priority in the echoes. Therefore, amplitude deviation coefficient reflects 
the stability of jammer and targets. On the other hand, g, can remove the influence 
of missile average components, azimuth and distance factor, which will be more 
effective than the identification of jammer and target stability by RCS features. 

It has preferable invariability to choose amplitude deviation coefficient g, to 
denote the amplitude modulation character of echoes, and all reflect the complexity 
of target and jammer, which can be directly used to classify the targets and jammers. 
To compare characteristic parameters g, and @, it is suboptimal from an theoretical 
perspective, but according to N, coherent echoes of targets when air defense radar 
antenna scans, it can directly estimate the g, characteristics parameter conveniently 
in time domain in real time, and it has also no obvious character loss. 


(2) Function Validation 


To acquire some deceptive jamming test data, there are totally 300 tracking wave 
positions required calculation according to practical measured data, and the ampli- 
tude deviation coefficient comparison analysis between real targets and jamming 
signals for each wave position are shown in Fig. 5.18. 


(a) Identify Flow 


Velocity compensation on radar echoes will make the results envelop that imple- 
mented pulse compression aligning. The results will be stored, and the targets and 
jamming in distance element position will be extracted from the detection module 
after a series of signal processing flows. The pulse compression breadth of N, coher- 
ent echoes where radar antenna scans targets in the distance element from the stored 
pulse compression results. Then, to estimate g, characteristic parameter directly in 
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time domain, and its real-time characteristic satisfies radar signal processing require- 
ment. Two types of targets will be separated according the above method, and then 
real targets and jamming will be distinguished based on target velocity and distance 
relativity. The identify flow will be given as Fig. 5.19. 
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Table 5.5 Identify results Real targets | Jamming Recognition 
signal rate (%) 
Real targets 287 13 95.7 
Jamming 44 1456 97.1 
signal 


(b) Identify Performance Analysis 


By choosing 300 real targets and 1500 jamming signal, the jamming recognition is 
implemented according to the above algorithm, and the results are shown as Table 5.5. 


5.2.4.2 Jamming Recognition Based on Spectrum Feature 


Man-made intentional passive jamming mainly refers to chaff jamming, which is rela- 
tively an important and mature jamming device in passive electronic countermeasure. 
Because it has low price, convenient and large area jamming, chaff technology can 
carry out jamming on multi-radar with different directions, different frequencies, dif- 
ferent types and systems, even we do not know about radar parameters. (Confusing 
sentence please rephrase it) Chaff jamming is an important way of passive jamming, 
which usually launch a large number of randomly distributed chaff cloud or chaff 
corridor composed of half-wavelength chaffs, to disturb, puzzle, transfer and draw 
in missile or other aerospace vehicles. Chaff jamming substantively makes use of 
reradiated electromagnetic wave produced by induction alternating current in the 
affection of alternating electromagnetic field according to electromagnetic radiation 
theory, to passive jamming on radar. 

Usually, ground radar employs MTI/MTD technology to restrain chaff jamming, 
but there is broadening phenomenon of Doppler due to wind and gravitation on chaff 
jamming, so as to discriminate targets or jamming, one effective way is to increase 
coherent integration time, and to identify chaff jamming or targets by using the 
spectrum characteristics of chaff jamming. 


(1) Chaff cloud radar echoes model 


There are two phases from chaff bomb launch to disperse: diffusion phase and 
stabilization phase. In diffusion phase, chaff bomb has already blasted, but it didn’t 
diffuse completely, therefore chaff cloud density decreased, backscatter cross section 
increased, and chaff space distributed unsymmetrically and variationally. In stabiliza- 
tion phase, chaff cloud diffuses completely, its effective radar cross section reaches 
maximum, when the chaff cloud has ability to defend targets in deed, and it is the 
most difficult time for identifying chaff cloud. In stabilization, each signal in chaff 
cloud echo is the vector sum of single chaff echo. So our research on chaff cloud 
echo signals is based on stabilization phase, and also the prerequisite is targets and 
staff cloud is within radar beam completely. Expression (5.14) is the chaff cloud. 
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Fig. 5.20 Chaff cloud 110 
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where, a? is transmitting signal amplitude, fọ is centre frequency of transmitting 
signal, yz is backscattering coefficient, i = 1, 2, ...,N, and N is total chaff number. 
The radial distance for Z chaff apart from radar is r;, and its Doppler shift is f pi. 

On the assumption that the staff total number is 20, 50 and 100 respectively, the 
spectrum characteristics is analyzed as followings, and the spectrum diagrams are 
shown in Figs. 5.20, 5.21 and 5.22. 
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Fig. 5.22 Chaff cloud 
spectrum diagram for 100 
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(2) Aircraft echo model 


For jet, helicopter and prop aerodynamic target, excluding ground clutter and 
other electronic jamming, the complex envelop obtains from low resolution radar 
receiver at least include airframe component, rotating structures (JEM component) 
and noise component, which can be expressed synthetically as, 


s(t) = a(t) |CS A + Crem Ssem(t) | + Crwn(t) (5.15) 


where, a; (t) is the overall restriction of radar system on JEM characteristic, including 
transmitting signal, receiving fashion and antenna fashion effectives. S(t), Szem (t) 
and w,(t) are airframe component, rotating structure component and noise compo- 
nent. Cr, Cyzmy and C, are intensity coefficients for airframe component, rotating 
structure component and noise component. Suppose there are M ideal rotating parts 
in radar far-field distance Rọ, azimuth angle œ and elevation angle £, thus the echo 
for basic frequency rotating parts is, 
M—1 Nm—1 


Syem(t) = X J G(Lon — Lim) cos p' COSOky + Ory t — 0) 
m=0 k=0 


4 L L 
-exp| j2rfat— j =| Ro H am + Lim 


cos 8’ cos(Ok„, + ryt — vl} (5.16) 


where, G = 21m + 82m(0km + @rm — @), the rotate speed for the mth rotating parts 
iS @,m, the distance from blade root and blade needle to blade centre are Lim, Lam, 
M is number of rotor, fan or propeller, Nm is the blade number for the mth rotating 
parts, airframe Doppler fa = 2v/A, v is the projection of airframe velocity on the 
ranging from radar to target, Ogm = Oo + 27k/Nm,k = 0, 1, --- , Nm — 1, Oo is the 
initial rotation angle of the Oth blade, and 6, denotes blade angle. 
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Fig. 5.23 Position sketch 
for rotor and radar relative 
position 


im = sin(|B’| + Om) + sin(|B’| — On), 
82m = sign(|B’|)[sin(|B’| + On) + sin(|B’| — An)] (5.17) 


When rotation surface is parallel to flight direction, 6’ = 6’; and vertical to flying 
direction, 6’ = 2/2 — p. Figure 5.23 shows the geometric relation between radar 
and rotor taking example by parallel flight direction in rotation plane. Rotation plane 
vertical to flight direction is similar rotor coming from far off along a direction in 
azimuth, and the rotor is vertical to radar ranging when it approaches on the radar, 
therefore the vertical rotor at range Ro, azimuth angle œ and elevation angle $ are 
equivalent to horizontal rotor at the range Ro azimuth «œ and elevation angle 2/2 — 
B. 

The spectrum characteristics of jet, helicopter and rotor aircraft are analyzed 
respectively by taking measured data as background (Figs. 5.24, 5.25 and 5.26). 


(3) Recognition Algorithm Flow 


The engineering realization of anti-chaff jamming method by employing spectral 
broadening of chaff cloud is shown in Fig. 5.27. Signal processor firstly implements 
echo spectrum analysis and CFAR processing to obtain the echo power spectrum, and 
then to obtain the echo spectral width according to the spectral line number beyond 
threshold. The echoes for strongest spectral line present in detection element whose 
range element and Doppler element are R, and F, respectively, and then for echo 
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Fig. 5.24 Helicoptor 
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signal whose range element in different repeated period, to counter the spectral line 
number above false alarm threshold on both side centred in F, on the dimension of 
Doppler. The resulted W, is the spectral width of current detected echo. Once more, 
to compare adjudge W,, with spectral threshold T„, and if it exceeds the threshold, 
it can be determined as chaff cloud, otherwise as aircraft. For spectral threshold T,, 
its initial presetting position is Tọ. The spectral width determined as chaff cloud is 
implemented by weighted processing as new threshold during detection, enabling 
spectral width adaptive regulating ability. 
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Fig. 5.25 Rotor aircraft 80 
frequency spectrogram 
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(4) Recognition Performance Analysis 


Simulation verification according to chaff cloud and aircraft echo model, and here 
300 group simulation data of chaff cloud are chosen. Each 100 group data are chosen 
for 20, 50 and 100 chaffs, and their velocity change are restricted within 3—5 m/s. 300 
groups simulation data are chosen for aircraft, where 100 groups data are chosen for 
helicopter, rotor aircraft and jet aircraft each. Chaff cloud is implemented jamming 
recognition according to the algorithm flow in Fig. 5.27, and the results are shown 
in Table 5.6. 
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Fig. 5.26 Jet aircraft frequency spectrogram 
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(d) Toward-station targtet, range 75km, modulation 
sideband SNR=16.84dB,modulation spectralwidth 5216Hz 


Chaff Aircraft Recognition rate (%) 
results cloud 
Chaff 278 22 92.7 
cloud 
Aircraft 28 272 90.1 


(5) Conclusion 


According to the above classification recognition results, spectral characteristics 
can be used effectively by differentiating aircrafts and chaff cloud. Combined with 
target velocity and range relativity, the method can effectively eliminate chaff jam- 
ming. The test results show the method is stable and effective. 
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5.2.4.3 Counter Asynchronous Pulse Jamming Elimination 


Asynchronous pulse jamming is part of regular pulse jamming, whose amplitude, 
width and repeated period are stable relatively, and they don’t have integral multiple 
relationships with radar pulse repeated period, resulting in target echo presenting 
come-and-go moving periodically at range. 

Advanced metricwave radar will restrain jamming signal (I and Q signal output 
from receiver) before pulse compression. The concrete method is: firstly, to confirm 
the jammed element, and then to substitute the jammed element content with sam- 
pled signal received from the same cluster of pulses, thus to decrease the jammer 
affection, especially on pulse compression processing. The method for confirming 
jammed element is: to compare the amplitudes of sampling signals in adjacent rep- 
etition periods, if the amplitude discrepancy is above certain threshold, the strong 
amplitude signal is regarded as jamming signal, so the element content of strong 
amplitude signal is substituted with sampling signal with different repeated periods 
from same pulse group. The reflection signals of real targets will form echoes with 
near amplitudes at the same range element with multiple repeated periods or multiple 
pulse group, while jamming signals usually only present echoes at the same range 
element within single or a few repeated periods. 
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Table 5.7 Asynchronous jamming distinguishing sheet 


Range element 1 | Range element 2 | Range element 3 Range element n 
Fr2-frl 1 1 0 0 
Fr3-fr2 0 1 0 1 
Judgement} 1 0 0 0 
results 


Clutter area and clean area should be differentiated for restraining asynchronous 
jamming. Ground clutter and jamming signal are superposed together in clutter area, 
therefore firstly to eliminate ground reserving jamming by two-pulse cancellation, 
and to position and eliminate jamming signals. Distinguishing criteria is: if three 
continuous FR present one jamming at most within the same range element, after 
the two pulses cancellation, the first row and the second row are elemented exclusive 
OR, if the exclusive OR is 1, the current row should be reserved (the first row saves 
corresponding value); if exclusive OR is 0, to execute nulling. The distinguishing 
method is shown in Table 5.7. 

To judge whether there are jamming for the first fr within one range element by 
distinguishing the sheet value, if the value is 1, then it shows that there are jamming 
with the range element for the pulse, so to substitute the signal with adjacent fr, thus 
to eliminate the asynchronous jamming. 

This counter asynchronous pulse jamming method has been successful applied in 
foreign Master-M, Track 2000 radar, and multiple domestic radars. 
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Chapter 6 A) 
Metric Wave Antenna Techniques get 


The antenna is a transducer for transmitting and receiving electromagnetic wave 
energy. In transmitting, it radiates the electromagnetic wave into the free space. In 
receiving, it collects the electromagnetic wave from the free space and provides 
signals for the receiving equipment. The antenna has an excellent directionality 
and is the most important component necessary for radar system. Compared with 
microwave band antenna, the antenna design of advanced metric wave radar has its 
unique particularity. For example, it is required to achieve low sidelobe and large 
scanning angle with few antenna elements. The calibration of a metric wave antenna is 
susceptible to environment, and the validation method of antenna design is different, 
such as antenna test. In addition, the antenna elements are required work under 
various extreme environments without protection of the antenna radome. 


6.1 Antenna Scheme 


The choice of the antenna scheme is very crucial, it is closely related to the func- 
tions that need to be performed by the radar and usually plays a crucial role. To 
overcome some inherent drawbacks in the conventional metric wave radar, such as 
low angular resolution, poor low altitude detection performance, and susceptibility 
to interferences, the advanced metric wave radar uses a new theory and a new tech- 
nique (like DBF and super resolution) in signal processing. The digital array design 
concept that uses digital beamforming technique for transmission and reception is a 
design innovation for multifunction active phased array; its engineering realization 
settles a foundation for the development of multifunction phased array radars, suit- 
able for multiple purposes. The system with digital beamforming (DBF) technique 
has many advantages. It can achieve optimal adaptive pattern in ECM environment. 
Likewise, while forming instantaneous multiple beams, adaptive nulling of jamming 
source can be realized and super resolution, super low sidelobe performance can be 
achieved. The beamforming can be adjusted according to the clutter requirement, 
which enables flexible and convenient beamforming. The advanced metric wave 
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calibration receive: 
calibration signal 
source 


Fig. 6.1 Basic composition of digital array antenna 


radar antenna adopts digital array antenna solution, which combines ultra wideband 
antenna array technique with fully digital array module (DAM) technique. Through 
the cooperative operations of antenna array, digital transmit/receive channel, cal- 
ibration system, frequency synthesizing system, and digital beamforming system, 
the digital synthesis and control of transmit/receive beams and inner calibration of 
transmit/receive statuses are realized. Figure 6.1 shows the basic composition of a 
digital array antenna. 


6.2 Main Parameters of the Antenna 


The main specifications that characterize the antenna are antenna beam width, side- 
lobe level, and antenna gain. 


6.2.1 Beamwidth 


Antenna beamwidth means the mainlobe width of the antenna pattern, generally, 
the corresponding beamwidth at half-power of the antenna patterm. The antenna 
beamwidth is related to the antenna aperture, the operating frequency, and the ampli- 
tude and phase distributions at the antenna element. It determines the angular resolu- 
tion of the radar and also has an effect on the antenna gain. The narrower the antenna 
beam, the higher the antenna gain. The antenna beamwidth can be denoted by 
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A0 k : (6.1) 
3dB = D . 


where, k is a constant and related to the weight of the antenna aperture. ^ is the 
operating wavelength in frequency band, D is the aperture size of the antenna array. 
For phased array antennas, the beamwidth should be modified as follows 


À 
Abz4g = k5 cos (6.2) 
where, @ is the included angle between the antenna beam and the normal direction 
of the antenna array. When the antenna beam scans, the beamwidth widens. It can be 
known from the expressions (6.2) that the antenna beamwidth is inversely propor- 
tional to the antenna size and directly proportional to the wavelength. The narrow 
beamwidth means large antenna aperture and short wavelength. 


6.2.2 Sidelobe Level 


In antenna radiation pattern, there are some small sidelobes around the mainlobe. 
These sidelobes are called antenna sidelobes. The sidelobe level means the magnitude 
of the sidelobe with respect to the mainlobe. In radar systems, the antenna sidelobe 
level affects the radar performance. In transmitting, high sidelobe level implies a 
waste of the radiation power. In receiving, some unwanted energy, such as jamming 
and clutter, will get into the receiver through the sidelobes. That’s why, for a radar 
system, the antenna sidelobe level has to be as low as possible. 

Decreasing sidelobe levels can be done by weighting the antenna aperture illumi- 
nation, however, the antenna aperture efficiency will decrease as well, which lowers 
the antenna gain and broadens the beamwidth. Table 6.1 gives the antenna perfor- 
mance parameters for some common aperture illumination functions. 


6.2.3 Gain 


Antenna gain represents the degree of the energy (transmitted or received by antenna) 
centralizing in a specific direction and is a parameter related to the antenna aperture 
area and aperture utilization efficiency. There are two concepts related to the antenna 
gain: direction gain and power gain. The direction gain is commonly called as direc- 
tivity factor and the power gain is the conventional antenna gain. The directivity 
factor is defined as the ratio of the maximum radiation intensity and the average 
radiation intensity. As shown in Fig. 6.2, assume that the antenna is located in the 
plane XOY, p(0, ¢) is the radiation intensity of the antenna. 
Then the total radiation intensity of the antenna is 
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Table 6.1 Antenna parameters for common aperture illumination functions 


Aperture shape Illumination function | Max sidelobe level | Mainlobe width | Efficiency 
(dB) 
Rectangle aperture | Uniform =13.2 50.8X/D 1 
Cos —23 68.22/D 0.81 
Cos? —32 82.5x/D 0.67 
10 dB step Cos” —26 62i/D 0.88 
20 dB step Cos? —40 73.5/D 0.75 
Hamming —43 74.20/D 0.73 
Dolph-Chebyshev —50 76.2d/D 0.72 
Taylor n=3 —25 60.1/D 0.9 
n=5 —35 67.5d/D 0.8 
n=8 —45 74.5\/D 0.73 
Circular aperture Uniform —17.6 58.2/D 1 
Taylor n=3 —26.2 64.2/D 0.91 
n=5 —36.6 70.7/D 0.77 
n=8 —45 76.44/D 0.65 
Fig. 6.2 Coordinate system of antenna radiation 
2m m 
p= J | re. oaoa (6.3) 
0 0 
The average radiation intensity of the antenna is 
P 
Pav = 7 (6.4) 
4r 
The direction gain of the antenna is 
pa p(0, p)max = P(O,~)max _ 4p(, ~)max (6.5) 


Da & If p@, p)dodo 
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If A0348 and Ag3ag represent the antenna beamwidth at elevation and the antenna 
beamwidth at azimuth respectively, then the direction gain can be written as 


_ Amp(@,¢)max _ 4r 
Jf p0, p)d0dy  A03ag Ap3aB 


(6.6) 


If A63ag and Agzag are measured in degree, for an aperture weighted antenna 
array, the direction gain can be approximated as 


27000 


Spee cee (6.7) 
A0348 AG3aB 


Because the beamwidth in two planes is equal to the ratio of wavelength and 
antenna aperture, that is, 


A0348 À x ee = 3 (6.8) 
3d B AP3dB Li D ra a : 


Lı and L, are the sizes of horizontal plane and vertical plane of the antenna 
respectively; A is the aperture area of the antenna array. 
So the direction gain can also be written as 


ae 4TA 


= Sa (6.9) 


The product of the antenna direction gain and the antenna radiation efficiency is 
the usual antenna gain. 


G= Dn (6.10) 


where ņ is the antenna radiation efficiency factor. For uniform illumination aperture, 
n = 1; for plane array antenna, taking weight influence and loss into considerations, 
the value of 7 is 0.5-0.9. 


6.2.4 Others 


Except for the most important specifications discussed above (beamwidth, sidelobe 
level, and antenna gain), there are other technical specifications required for an 
antenna: operating frequency, bandwidth, polarization, voltage standing wave ratio 
(VSWR), antenna power capacity, etc. 

The operating frequency of an antenna is the operating frequency of the radar 
system, which is determined according to the comprehensive consideration of the 
functions to be performed by radar. 
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The bandwidth means the frequency range in which some electric specifications 
of the antenna may drop to their allowable values. There are two methods to define 
the antenna bandwidth. One is the absolute bandwidth, that is, the difference of 
high-end frequency and low-end frequency. The other one is the relative bandwidth, 
which is the percentage of absolute bandwidth to the center frequency. There are 
different bandwidth standards proposed for different systems and different functions, 
for example, the pattern bandwidth, impedance bandwidth, and gain bandwidth, or 
the synthetic bandwidth including multiple performance requirements. 

The polarization is a parameter for describing the space pointing of the electro- 
magnetic wave field vector radiated by antenna. There is a constant relation between 
electric field and magnetic field, thus the space pointing of the electric field vector is 
generally taken as the polarization direction of the antenna, including linear polar- 
ization, circular polarization, elliptic polarization, and etc. Both circular polarization 
and linear polarization are special examples of elliptic polarization. The polarization 
selection should be set by taking into consideration both target echo intensity and 
environment echo intensity effects. 

VSWR shows if the input impedance and the output impedance of the antenna 
are in good matching or not. The closer to | the antenna VSWR is, the higher 
the antenna radiation efficiency is. Especially for phased array antennas, due to 
the effects of mutual coupling between the array elements, there are big changes 
of VSWR at different antenna scanning angles. When an important change of the 
antenna VSWR occurs at a specific angle, the antenna reflection is great, and “blind 
spot” phenomenon will even occur. 

The antenna power capacity means that the antenna has no arcing or cannot be 
damaged when the power feeding the antenna is very high. The antenna power 
capacity requirement must be proposed. 


6.3 Array Analysis and Design 


Array antenna is a kind of combined antenna consisted of at least two elements 
arranged regularly or randomly and drived properly to achieve expected radiation 
property. By selecting reasonably and optimizing the configuration, arrangement 
mode, and amplitude and phase excitation, the excellent radiation property that is 
difficult to be realized for a single antenna can be realized to ensure various functions 
of radar. 


6.3.1 Array Arrangement Mode 


The advanced metric wave radar antenna adopts the digital array solution based 
on active phased array. Planar array and three-dimensional array form the view of 
different arrangements of array elements. The concept of three-dimensional array 


6.3 Array Analysis and Design 137 


Fig. 6.3 Geometric sketch diagram of linear array 


proposed here is mainly relative to planar array. The antenna elements in an array do 
not completely locate in a plane. The polyhedral array (trihedral array or tetrahedral 
array) and cylindrical array can be assorted into three-dimensional array. 


(1) Planar array 


Planar array is featured by simple structure and wide applications and is the most 
common array arrangement mode for phased array antenna. Linear array can be 
viewed as the simplest planar array. For a linear array of N elements spaced by d, its 
sketch diagram is shown in Fig. 6.3. 

In the analysis of large phased array antenna, antenna array factor is a very impor- 
tant guiding index. The directivity and gain of antenna can be calculated via the 
antenna array factor. The design optimization of antenna array factor can make 
antenna achieve specific beam shape. 

The array factor of linear array is 


N-1 
F(6) = X` I, expl jknd (sind — sind,)] (6.11) 


n=0 


where, Z, is the real current distribution of array element, d is the element spacing, 
k is the wave vector, and 0, the scanning angle. 
In the expression, 


k= ei (6.12) 

Based on actual excitation requirement, /,, can be set pertinently. The Taylor 

distribution can be used to obtain the required low sidelobe level pattern. In addition, 

according to the required pattern, the value of /,, can be determined by the shaping 

design. If uniform excitation mode is used, then J, = 1(n = 0,1, ..., N — 1),so 
Expression (6.11) is simplified to be 


sin(“) 


F@)=|— 
sin(>) 


(6.13) 


u = kd(sin@ — sin0,) (6.14) 
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Fig. 6.4 Illustrative diagram of rectangular grid planar array 


The phase difference between adjacent elements is gs = —kd sin6,. Changing the 
phase difference between elements can realize different beam direction of antenna 
array. This is the basic principle of phased array antenna scanning. 

The planar array can be thought as the combination of multiple linear arrays. 
Assume an antenna array consisting of M x N similar elements arranged in rectan- 
gular grid. Its arrangement is illustrated in Fig. 6.4. 

If r(0;, gs) is the beam pointing angle of antenna array, the array factor of rect- 
angular grid antenna array is expressed as follows: 


M-1 N-1 


F (Os, Qs) = 5 > Inn exp[jk(md,U + ndyV)| (6.15) 


m=0 n=0 


where, U = sinf cos@ — sinô, cos gs, V = sinf cos@ — sind, sing,, k = a, Tiin 
is the real current distribution of the stimulated array elements, d, and dy, are the 
element spacings along the x axis and y axis, and A is the operating wavelength of 
antenna. 

There are three common planar array aperture shapes: rectangular aperture, cir- 
cular aperture, and octagonal aperture. The ground-based large phased array radars 
designed by United States of America usually use circular apertures, while the Rus- 
sian design uses rectangular apertures. Different antenna aperture shapes have dif- 
ferent beam space distributions. Figure 6.5 gives the three-dimensional pattern dis- 
tributions of different antenna aperture shapes with the same number of elements. 

Among the above three aperture shapes, except the circular aperture, the antenna 
patterns of the rectangular aperture and the equilateral octagonal aperture have prin- 
cipal axis surfaces. From the view of antenna design, the efficiency of circular aper- 
ture is higher than rectangular aperture. Under the condition of having the same 
maximum designed sidelobe, the circular aperture has top aperture efficiency. From 
another point of view, in the case of having the same aperture weighting efficiency, 
the circular aperture has the least full-space theoretical maximum sidelobe and the 
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Fig. 6.5 Three-dimensional patterns of three antenna aperture shapes 


more uniform full-space sidelobe property. It also has better beam symmetry and 
sidelobe symmetry and has problem of large main-section sidelobe. 


(2) Three-dimensional array 


For a large metric wave antenna, its array size is generally up to several tens of 
meters or even one thundered of meters, unabling to rotate. Thus, three-dimensional 
array arrangement is commonly taken to realize 360° spatial coverage. The common 
three-dimensional arrays are polyhedral array and cylindrical array. 

A polyhedral array combines several planar arrays back to back. Obviously, a 
polyhedral array should have 3 arrays at least, commonly the trihedral array and 
tetrahedral array. The more the arrays are, the smaller the required scanning angle 
is. The decreasing of the maximum scanning angle implies that the gain degradation 
because of scanning gets small. However, at the same time, the effective area of each 
array decreases with the number of arrays increasing. For a polyhedral array, the nor- 
malized performance-cost ratio index q can be introduced to assess its performance. 
The index represents the ratio of the effective area of antenna and the number of 
required antenna elements (cost). 


(cos Z)* ig 
1= nd +sin®) ome 
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Fig. 6.6 Omnidirectional coverage normalized performance index versus number of arrays 


In the formula, n is the array number of a polyhedral array, k is the factor denoting 
the array scanning mismatch loss, with typical value of 1.0-1.3 representing the ideal 
match. 

Figure 6.6 shows the relation between the omnidirectional coverage normalized 
performance index and the array number of polyhedral array. It can be seen that the 
tetrahedral array and the pentahedral array basically have the same performance and 
the former is almost perfect. 

Polyhedral array can also realize hemispheric airspace coverage. Figure 6.7 gives 
the structure of a trihedral array. The maximum inclination angle should be choosed 
so that the maximum scanning angles of all arrays is the same and the numerical 
value is the least. Knittel made analysis of using 3, 4, 5, and 6 arrays respectively 
to realize the upper half space coverages. In the case of 3 arrays, the included angle 
between the normal directions of the arrays and the zenith is 63°, and the maximal 
scanning angel of each array is 63°. For a tetrahedral array, the angle between the 
normal directions of the arrays and the zenith is 55°, and the maximal scanning angel 
of each array is 55°. For a pentahedral array, the normal direction of an array points 
to the zenith, and the angle between the normal directions of other 4 side arrays and 
the zenith is 72°. The maximal scanning angle of each array is 47°. For a hexahedral 
array, its arrangement is similar to a pentahedral array, which has one zenith array 
and five side arrays. The angle between the normal directions of side arrays and the 
zenith is 69°, and maximal scanning angle of each array is 41°. 

Trihedral array and tetrahedral array are common. If the same gain at the minimal 
scanning angle is required, the needed element number of a trihedral array is 1.22 
multiples of a tetrahedral array and the array area is 1.35 multiples of a tetrahedral 
array. If the same scanning beamwidth is required at the minimal scanning angels, 
the needed element number of a trihedral array is 1.45 multiples of a tetrahedral array 
and the array area is 1.59 multiples of a tetrahedral array. 
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Fig. 6.7 Structural sketch diagram of a trihedral array 
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Fig. 6.8 Configuration of metric wave circular cylinder array 


The commonest in cylindrical array is the circular cylinder array. Generally, its 
transmitting antenna array and receiving antenna array are separated. As shown in 
Fig. 6.8, the transmitting array is an omnidirectional antenna array and the receiving 
array takes the form of circular cylinder array. The elements are regularly distributed 
on the circular cylinder, with each antenna element connecting a digital receiver. 
By DBF beamforming technique, the received signals from various receivers are 
summed under different weights to form beams of different directions in space, 
realizing 360° coverage. Without beam scanning, the echo signals from the entire 
space can be received simultaneously. 

The beam coverage of circular cylinder array is realized by selecting the receive 
channels of the elements in different sectors to form multiple beams simultaneously, 
without scanning. So that, compared with polyhedral array, the beam gain of circular 
cylinder array is constant, unchanging with the scanning angles. 

For a circular cylinder array, the effective central angle of sector should be as large 
as possible. Considering the elements at edges has small contribution to coverage, 
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Fig. 6.9 Relationship between the omnidirectional coverage normalized performance index and 
the sector angle 


the effective central angle of sector angle is limited to 120°. The performance-cost 
index of circular cylinder array, qc, is expressed as 


fo?" (cos)kde 


m(1 + sin $) out 
In the expression, A¢ is the effective central angle of sector of circular cylinder. 
Figure 6.9 gives the relationship between the omnidirectional coverage normal- 

ized performance index and the central angle of sector. It can be seen that the circular 

cylinder array is 1.5 dB better than polyhedral array. 

Taking the minimal gain as the selection criterion, the element number of circular 
cylinder array is much lesser than tetrahedral array. If need low sidelobe, this advan- 
tage will weaken. The major reason is that, if excellent sidelobe control is required 
for a circular cylinder array, its array element spacing must be near }/2, otherwise, 
large grating lobes will appear in some angular regions due to different element beam 
directions. 


6.3.2 Grid Form and Array Element Spacing 


Grid form and array element spacing are the basic parameters of phased array antenna. 
The phased array antenna design includes the reasonable determination of these 
parameters. Selection of array element spacing should be dependent on grating lobe 
suppression and wide angle impedance matching. It is related to the performance 
and manufacturing cost of antenna. For a given aperture size, the larger the array 
element spacing is, the samller the number of the elements set in the aperture is. 
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Fig. 6.10 Curve of grid lobe position versus scanning angle and array element spacing 


Correspondingly, the scale and complexity of active transmitting/receiving channels 
can be decreased thus reducing costs. In phased array antenna, however, the array ele- 
ment spacing is limited by the scanning beam quality. Scanning in a preset airspace, 
only one mainlobe is allowed. Large array element spacing causes grating lobes that 
decrease the gain and singularity in the active input impedance of array element. The 
relationship curve of the grating lobe position varying with the scanning angle and 
the array element spacing is given in Fig. 6.10. 

As far as planar phased array antenna is concerned, for engineering design conve- 
nience, the arrangement mode of array elements is usually the uniform regular grid. 
Currently, there are two kinds of familiar element arrangement modes: rectangular 
grid, shown in Fig. 6.1la, and triangular grid, shown in Fig. 6.11b. The rectangular 
grid is widely used because of its simple arraying mode, good beam characteristics, 
and simple feeding. The triangular grid adopts less radiation elements (with respect to 
the rectangular grid) and corresponding signal channels, which can save the system 
cost. Thus, it has been found more applications in large active phased array sys- 
tem with two-dimensional large scanning angle. The research for years shows that, 
for a two-dimensional phased array antenna with conical scanning, when the array 
is triangular grid, the array elements can be decreased by 13% at most. When the 
absolute element number is large, the decreasing of radiation elements is favorable 
for system cost reduction. For a phased array antenna with elevation and azimuth 
scanning modes, however, the array elements can be decreased only by 4-5%. 

As for rectangular grid, to assure the strongest scanning capabilities in azimuth 
and elevation without grating lobes, the separation distances along azimuth between 
the radiation elements, dx and dy, need to respectively satisfy that: 


qJ, < Żmin: U- As) 


xs : 6.18 
1 + [sin 6; max| one) 
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Fig. 6.11 Two grid arraying modes of planar array antenna 
Amin: (1 — Ay 
d, < *min-(— Ay) (6.19) 


ys 
1 + |sin 6¢ max| 


where, Amin 18 the least operating wavelength of antenna. 

A, and A, are the reciprocals of the numbers of the radiation elements in azimuth 
and elevation respectively. 

Oazmax and 0; max are the maximal scanning angles in azimuth and elevation 
respectively. 

We can see that, for a rectangular grid antenna, the grid height and width of antenna 
are determined respectively by azimuth scanning angle and elevation scanning angle 
independently. 

For triangular grid, its grid from is determined jointly by two dimensions. Accord- 
ing to the grid orientations, the triangular grid can be divided into two forms. One is 
side triangular grid that its dx is determined by azimuth scanning angle and then its 
dy is optimized by the whole scanning region. The other is regular triangular grid that 
its dy is determined by elevation scanning angle and then its dx is optimized by the 
whole scanning region. For conical scanning, the grid shapes are all the equilateral 
triangles, as illustrated in Fig. 6.12. The effects for reducing element number are 
the same; the difference is the orientations of equilateral triangles in array. For non- 
conical scanning airspace, the two kinds of triangular grids are the same in element 
number reduction. 

Based on the required airspace scanning range, the element numbers of the rect- 
angular grid-arraying mode and the two kinds of triangular grid-arraying modes are 
different. For the convenience of quantitative comparison, the occurrence of grating 
lobes in visible region is the condition, and the possible maximum spacing of each 
kind of grids can be found. Then, the element number of unit area is determined. 
Assume that an array adopts conical scanning and the scanning angle is 45°, then: 


6.3 Array Analysis and Design 145 


A 
A NES dy = — V3 
ax = ——— n A’ > dx =— d 
x A d TF sin(ð, p) dy = de y 1+sin(O, ya) 3 
| 
dy} T J * ) 
y JA Oe 7 EA T OT S 
oe hy ae eee WY 
YY dy Gf 
$ ” 7 e-r ++ 
$- -l - | 
Ò ; b—» — |_4 1 & > 
oR a E 
(a) Side triangular grid with its dx (b) Regular triangular grid with its dy 
determined firstly determined firstly 


Fig. 6.12 Two angular grids in conical scanning solution 


(1) For rectangular grid: dx = 0.585 4, dy = 0.585 A, the element number of unit 
area is 


O, 


e dx- dy 


= 2.912)? (6.20) 


(2) For the side triangular grid with its dx being determined firstly by azimuth 
scanning angle: dx = 0.585 4, dy = 0.337 A, the element number of unit area is 


1 


= = 2.536/4? 6.21 

7e = Dax - dy / ia 

(3) For the regular triangular grid with its dy being determined firstly by elevation 
scanning angle: dx = 0.337 A, dy = 0.585, the element number of unit area is 


1 -2 
L F w 2.536/À (6.22) 

The analysis results show that, the two kinds of triangular grid structures have the 
same array elements and the numbers of their reduced elements are equivalent on 
the whole. Compared with rectangular grid, the elements can be decreased approxi- 
matively by 1 — 2.536/2.912 = 13%. 

For a two-dimensional conical scanning array, if the spacing is greater than the 
maximum spacing limitation, there will be grating lobes entering into real space. For 
a straight view, Fig. 6.13 gives the distributions of the scanning airspaces of these 
three grid array antennas in real space and virtual space. In the figure, the dashed 
circles are grating lobe airspaces and the real line circle is real space region. The 
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Fig. 6.13 Distributions of the scanning airspaces of three arraying grid antennas in real space and 
virtual space 


dotted line circle in the real space region is the mainlobe airspace when the array 
scanning 45°. The element spacing choices of the three kinds of grids are idem. It 
can be known from Fig. 6.13 that, when performing 45° conical scanning, the grating 
lobes do not enter into real space, so no grating lobes. 
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Table 6.2 Radiation characteristics of Hamming distribution 


Aperture edge level(dB) —21.94 
Half-power beamwidth (degree) 74.26 L 
Max sidelobe level(dB) —42.8 
Aperture efficiency 0.73 


6.3.3 Common Aperture Distribution 


The beam direction and beam shape of phased array antenna can be controlled in a 
flexible mode, which owes to the amplitude and phase distributions of array antenna 
aperture. The array aperture distribution has a direct effect on the total performance 
indexes of antenna array (including beam width, sidelobe level, and antenna gain). 
The following will introduce the common aperture distributions of array antenna; 
see the references for more distributions. The actual array aperture distribution is 
the discrete sampling of continuous distribution function. The theory proves that 
they two are in close agreement when the sampling is in conformity with Nyquist 
theorem. 


6.3.3.1 Separable Distributions 


(1) Hamming distribution 


Hamming distribution is a low sidelobe distribution. If the aperture distribution 
function g(x) is 


27x L L 
g(x) = 0.54 + 0.46 cos(—)(—~ < x < —) (6.23) 
L 2 2 
Then the antenna pattern can be expressed as 
Eu) = sin(u) 2 paren +) 4 sin(u — a (6.24) 
u +m u— mT 
aL 


where, u = += sin@ is the general angle variable of linear aperture. 
Hamming distribution has good radiation characteristics, see Table 6.2. 


(2) Taylor distribution 


Taylor distribution is characterized by high aperture efficiency and easy engineer- 
ing implementation, so it has found wide applications. 

For an antenna aperture with a length of L, if it’s current distribution function g(x) 
is 
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) (6.25) 


— mmx L 
2. 


g(x) =14+2 0 En ese = ( 


m=1 


where, N is the number of equal-level sidelobles. 


z IN — 11? N-1 a 
En = (N—1+m)\(N—1-—m)! 1l [i (co | 
Here, Z, is 
1 (1 
Fu to[A? + n- $]? (<n<WN) 
+n TEN 


N 
o = T 
[a+ - p] 


1 
A = —ar cosh t 
T 


t is the ratio of mainlobe level to sidelobe level, then the radiation pattern is 


2. 
u, sinu) FF | g (=) | 
PS 7 H her] 


The half-power beamwidth of Taylor distribution is 


(6.26) 


on 
BW3ag = TÊ (6.27) 


217 


In the formula, 6 = 2 (ar cosh t)? — (ar cosh +5) | 


The aperture efficiency of Taylor distribution, 7 is 
1 
nann (6.28) 
1+2 X |E, 


n=1 


Choosing over-low sidelobe level, that is, over-large t, will decrease the array 
aperture efficiency. In general, when t = 20 ~ 30 dB, take N = 4 ~ 6; when t = 
30 ~ 40 dB, take N = 7 ~ 11. 
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Table 6.3 Typical data of Qm and A 


(dB) 15 20 25 30 35 40 

A 1.0079 1.2247 1.4355 1.6413 1.8431 2.0415 
Qı 1.5124 1.6962 1.8826 2.0708 2.2602 2.4504 
Qa 2.2561 2.3698 2.4943 2.6275 2.7675 2.9123 
Q3 3.1693 3.2473 3.3351 3.4314 3.5352 3.6452 
N4 4.1264 4.1854 4.2527 4.3276 4.4093 4.4973 


(3) Bayliss difference distribution 


For an antenna aperture with a length of L, the current distribution function g(x) 
is 


N-1 
1\ 20x L L 
= B, Si —— <x< 6.29 
g(x) 2 sin| (n+ 5) 7 |: rey, (6.29) 
In the expression, N is the number of equal-level sidelobles. 


th-(2)] 


CD” + 5° = 
By = 7 | y_( m2 
n f (=) 


n=0,1,2...(N—1) 


nm 
0 n>N 
1 
where, o = ee i 
(A2-+N2)2 
0 m=0 
Do Oy m = 1,2,3,4 


+/A2 +m? m=5,6,7--- (N — 1) 


Then the Bayliss difference pattern function of the array is 


Hi- 


F(=) = u cos(u) = 
= = u cosu) g 


a fi- (e) 


m=0 


(6.30) 


Here, Qm and A are obtained by approximating the polynomials, and their typical 
data are given in Table 6.3. 
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6.3.3.2 Inseparable Distributions 


For a two-dimensional array, its aperture distribution function can be divided into 
the products of two independent one-dimensional linear arrays. The separable dis- 
tributions discussed in above section can be used; otherwise, the aperture current 
inseparable distributions should be employed. 


(1) Taylor distribution of circular aperture 


If a circular aperture antenna with a radius of a has current distribution /(), then 


eS Fin Jo(Lm ze) 
I(p) = ), — 1, 0p <a) (6.31) 
> [Jo(Hne)} 


In the expression, N is the number of equal-level sidelobes, Fo = 1. 


n=] 


(n£m ) 


Um 18 the mth root of Jj (zx). 


My 
[42+ (w= 4)°] 


1 
A = —arcosht 
T 


t is the ratio of mainlobe level to sidelobe level, the radiation pattern F(u) is 


ay an [= F| 
; 2 
r(=) == I p F (6.32) 
Ma 


Table 6.4 gives the null position Qm of J; (7x) 


(2) Bayliss difference distribution of circular aperture 


If a circular aperture antenna with a radius of a has current distribution I (p, ¢), 
then 
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Table 6.4 Null position jz», of Jı (zx) 


m Hm m Mm 
1 1.2196699 6 6.2439216 
2 2.233 1306 7 7.2447598 
3 3.2383155 8 8.2453948 
4 4.2410629 9 9.2458927 
5 5.2427216 10 10.2462933 
Table 6.5 Root of first-order Bessel function derivative J (Tem) 
m Hm m Hm 
0 0.5860670 5 5.7345205 
1 1.6970509 6 6.7368281 
2 2.7171939 7 7.7385356 
3 3.7261370 8 8.7398505 
4 4.7312271 9 9.7408945 
N-1 
1(p. 9) = coso X Ban (=E) O < p <a) (6.33) 
m=0 


where, N is the number of equal-level sidelobes. 


Um is the root of first-order Bessel function derivative J{ (T Hm), see Table 6.5. 


= eer A= tar cosh t, t is the ratio of mainlobe level to sidelobe level. 
A2+N2 T 
0 m=0 
Lie EQ in m = 1,2,3,4 


vy A? + m? m=5,6,7---(N — 1) 


See Table 6.3 for the data of Q,, and A. 
Thus the radiation pattern F (u, @) is 


(6.34) 


n=1 


F(u, p) = uJ; (u) cos o = 


TT |G) | 
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6.3.4 Intelligent Algorithms for Pattern Synthesis 


The pattern shape obtained from the aperture distribution discussed in the above 
section is pencil sum beam or difference beam. By parameter setting, the mainlobe 
level, sidelobe level, and aperture effectiveness of the pattern can be synthesized. For 
the pattern of specially-required shape, however, it is synthesized usually by means 
of function approximation. Among the common synthesizing method, the Fourier 
synthesizing method is often used for the synthesis of the shaped beam with wide 
beamwidth and the Woodward synthesizing method is used to control pattern shape 
and sidelobe null. These methods apply constraints to both amplitude and phase 
of array aperture, which limits their applications. For the required pattern shapes 
(e.g., shaped beam, beam broadening, and sidelobe nulling), it is usually required 
to make synthesis of amplitude or phase of the exciting current only in practical 
engineering applications. The transmit shaped beams in fully digital phased array, 
for example, because of their transmitting power are equal, only phase synthesis is 
made to realize the required beam shapes. In addition, some array antennas achieve 
the required beam shapes through adjustment of the positions of their array elements 
(sparse array). The syntheses in these special cases are usually realized by use of 
intelligent algorithms. Currently, the effective and practical intelligent algorithms 
used for array antenna pattern synthesis are mainly the genetic algorithms and the 
particle swarm optimization algorithm. 


(1) Genetic algorithm (GA) 


Genetic algorithm has unique superiority in solving complex problem, such as 
large space, nonlinear, and global optimization, and has found wide applications in 
many fields. In recent years, generic algorithm has been used in electromagnetic field 
and antenna design, realizing parameter synthesis of array pattern successfully. 

With its investigation starting from the 1960s, genetic algorithm is an adaptive 
search process based on genetics and natural choice. As an effective means to solve 
complex problem, genetic algorithm becomes the hotspot in artificial intelligence 
and system optimization fields currently. Starting from an initial population, genetic 
algorithm selects the individuals with excellent performance. Biology-like breeding 
is gone among these excellent individuals. Moreover, they evolve generation after 
generation into the zone in which the solution space becomes better and better. As 
long as search time is long enough and the optimal solution of each generation 
is held, global optimal solution can be achieved finally. In comparison with other 
optimization algorithms, genetic algorithm describes all of the optimization problems 
in the form of a single string and performs optimization computation only by use of 
fitness function values without other assistant information. The main characteristics 
of genetic algorithm are: 


a. Genetic algorithm uses the code form of parameters of the problem to be solved, 
rather than the parameters themselves, and the operation is carried out on the 
given stirng. 


6.3 Array Analysis and Design 153 


b. Genetic algorithm needs only a fitness function, that is, the optimization object, 
not requiring the continuity of objective function. 

c. Genetic algorithm uses probabilistic rule rather than certain rule to guide search 
and is able to search discrete and noisy multi-peak complex space. 

d. Genetic algorithm starts to search the solution from multiple points in the solution 
space of problem rather than a point, thus fast global convergence can be achieved. 


The basic procedures of genetic algorithm are: 


(1) Generate an initial population randomly, the number of individuals is definite 
and each individual shows the gene code of chromosome. 

(2) Compute the fitness of individuals and judge whether the optimization criteria is 
accorded with or not. If accordant, output the optimal individual and the optimal 
solution it represents and end the computation. Otherwise, go to step (3). 

(3) Choose renewable individuals according to fitness. The individuals with high 
fitness have high probability to be chosen and those with low fitness may be 
eliminated. 

(4) Generate new individuals according to a certain crossover probability and 
crossover method. 

(5) Generate new individuals according to a certain mutation probability and muta- 
tion method. 

(6) Generate a new generation of population and return back to step (2). 


For basic principle and detailed description of genetic algorithm, please see 
relative literatures. 

For example, consider an array aperture L. It is a linear array of N array elements. 
Grating lobe suppression and sidelobe level reduction are reached by optimizing the 
positions of array elements 

The far radiation field of the linear array is 


N 
F0) = X A (n)e™ Hn 0O (6.35) 


n=1 


where, dn represents the position of nth element, A(n) is the excitation coefficient 
of element (also can be viewed as a optimization variable, here, A(n) = 1), wave 
number k = 27/1, ^ is wavelength; 9 is elevation angle, and —1/2 < 0<mn/2. To hold 
the array aperture to be L, let dj = 0, dy = L, the positions of other array elements 
do,...... , dy_1, meet min{di — dj} > C, here C is the given minimal element distance 
constraint value, 1 < j < i < N. On the basis of array constraint condition and 
taking the array element position as the optimization parameter, the fitness function 
is defined as ffit(d,, do,...... , dn) = min(F(8)/Fmax), here, Fmax is the peak value of 
mainlobe, the value range of O should exclude the mainlobe region. 

Consider a linear array of 33 elements. Its aperture length is 20.48 
and element distance constraint is C > 0.5. For equal-amplitude and in-phase 
excitation, when array elements are distributed and arranged uniformly, the array ele- 
ment distance is 0.642 and the maximal sidelobe level is —13.2 dB. By optimizing 
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the array element positions, the maximal sidelobe level decreases to —22.6 dB, and 
the optimal array element position after optimization are: 0, 0.81, 2.04,2.65, 3.52, 
4.29, 4.83, 5.41, 5.99, 6.55, 7.08, 7.61, 8.13, 8.64, 9.14, 9.64, 10.14, 10.64, 11.14, 
11.64, 12.14, 12.64, 13.14, 13.64, 14.16, 14.7, 15.3, 15.97, 16.68, 17.33, 18.9, 19.67, 
20.48 (unit: \). 


(2) Particle swarm optimization (OPS) algorithm 


OPS algorithm is an evolutionary computation technique, proposed by Eberhart 
and Kennedy in 1995 and rooted from the research on bird flock preying behavior. 
Similar to genetic algorithm, it is an optimization algorithm based on iteration. The 
algorithm takes a set of random numbers as its initial value and searches the optimal 
solution via iteration. Without crossover and variation in genetic algorithm, OPS 
algorithm carries out the search through following the optimal particle in solution 
space. In comparison with genetic algorithm, OPS algorithm is characterized by few 
adjustable parameters, simpleness, fast convergence, and easy realization. In recent 
years, OPS algorithm has been widely used to solve the optimization problem of 
antenna array. 

OPS algorithm initializes a group of random particles, and then finds out the 
optimal solution through iteration. In each iteration, the particles update themselves 
by following two extremums. One is the optimal solution found by a particle itself, 
that is, individual extremum, the other is the optimal solution found by the whole 
population, called as global extremum. Found the two extremums, the particle update 
their velocities and positions over again. The new velocity and position are given by 


vi = @-ujt+cl-rand1( - (p_best — xi) + c2 - rand2() - (g_best — xi) (6.36) 
Xi = Xi + vi (6.37) 


where, œ is inertia weight, generally taking 0.9-0.4. cl and c2 are acceleration 
constants, selected to be 2 generally. rand1() and rand2() are the random functions 
varying in the range of [0,1], p_best is the optimal solution of individual particle 
and g_best is the global optimal solution of all particles. By learning and updating 
continuously, the position of the optimal solution is obtained and the search process 
is ended. 

It can be seen that OPS algorithm and genetic algorithm have some common 
points, such as initializing population randomly, evaluating system by use of fitness 
value, and conducting random search with fitness value. But OPS algorithm has no 
crossover and variation. It performs search at its own speed. The two algorithms are 
different in information sharing mechanism. In genetic algorithm, the chromosomes 
share information each other and the whole population moves somewhat uniformly 
toward the optimal region. In OPS algorithm, however, only g_best transfers infor- 
mation to other particles. This is a single-way information flow and the whole search 
process is a process to follow the current optimal solution. Compared with genetic 
algorithm, it can converge faster at the optimal solution. In genetic algorithm, many 
parameters are needed to adjust, such as selection probability, crossover probability, 
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variation probability, and so on, which lies on the experience in a great degree. As 
a contrast, OPS algorithm is simple in its usage and easy to master and use, without 
intervening parameters manually. 

The basic procedures of OPS algorithm are: 


(1) Initialize a group of particles in the interval to be solved, including the initializing 
position and speed of particle. 

(2) Calculate the fitness value of each particle. 

(3) For each particle, make a comparison between its fitness value and its best 
position experienced, p_best. If better than the later, substitute the current fitness 
value for the original postion. 

(4) For each particle, make a comparison between its fitness value and its best 
position experienced globally, g_ best. If better than the later, substitute over 
again. 

(5) Update the speed and position of particle according to the formulas (6.36) and 
(6.37). 

(6) If the finish condition has been met (generating good enough fitness value or 
achieving the preset largest algebra), end the computation. Otherwise, jump to 
step (2). 


In realizing the algorithm, the particle out-of-bound problem should be taken into 
consideration. That is, the particle is out of bound in a dimension in the solution space 
according to the computation by iteration speed computing formula. Three methods 
can be used to solve this problem. The first is the absorbing bound. The particle takes 
bound value at this dimension. The second is the reflective bound. The particle holds 
its velocity invariable in magnitude but inverse in direction at this dimension. The 
third is the invisible bound. If a particle is out of bound, then its fitness value will 
not be estimated and it will not participate in the optimal individual competition next 
turn. 


6.3.5 Mutual Coupling 


In phased array antenna, mutual coupling exists objectively between antenna ele- 
ments. Especially in the case of wideband large scan angle, the mutual coupling has 
severe influences, mainly exhibiting in the following aspects: 


a. The element input impedance changes acutely with scan angle and operating 
frequency, which causes element impedance mismatch and blind point at some 
scan angles. This will has significant impact on system detection capability. 

b. Make element beam change. In finite array, the mutual coupling environments 
the elements face are different, so the changes are different. Especially for the 
elements at the array edges, their beam shapes have great changes. 

c. Change the exciting coefficient of array aperture and make the actual aperture 
distribution deviate from the design value, which will affect the realization of 
low sidelobe level and then depress the radar ECCM capability. 
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d. Generate parasitic radiation on the accessorial structures of antenna elements, 
affecting the sidelobe level and scan capability of the antenna. 


Once antenna element form and element grating lobe has been determined, it 
is necessary to analyze and compensate for the influences resulted from mutual 
coupling. In particular, the active impedances of array elements should be matched 
well to make them have wide angle and wide band abilities. 

At present, there are three main methods for achieving the active impedances of 
array elements: 


(1) Finite small array method (experiment and simulation); 
(2) Infinite array waveguide simulator method (experiment and simulation); 
(3) HFSS LBC method—joint boundary conditions method. 


The experiment method is a commonly used test method. In this type of exper- 
iment, the reflection coefficient of an element is measured directly via a standing 
wave bridge or indirectly via testing mutual coupling coefficient matrix under the 
environment of whole array exciting (according to the required scan angle). This 
experiment method is able to measure the direct relation between scan angle and 
element mismatch. At the same time, the measurement of the passive beam of array 
element can reveal preliminarily some severe “beam missing” or resonant effect, and 
then the possible blind point effect can be judged. This method needs to have the 
feeding network with beam control ability. As for the metric wave antenna operat- 
ing at lower frequency, a small array often has an aperture of more than ten meters, 
which makes test difficult. On the other hand, the external interferences affect the test 
accuracy. Theoretically, commercial high-frequency structure simulation softwares 
can simulate and compute directly the S parameter of the experimental small array 
and the beams of array elements. With the increment of computer capacity and data 
processing capability, the computation scale and precision of antenna array can meet 
the engineering design requirement. 

Assume that the exciting signal voltages of N array elements are V1, V2, ... Vn, 
and the reflected signal voltages are e1, e2,... en. Taking the influences of mutual 
coupling among array elements into consideration, we can obtain: 


[e] = [S][V] (6.38) 
That is, 
ei Si Si2 ... Sin Vi 
e | _ S21 Soo... Sow | | V2 
en Sia Sys Gk SNN Vyn 


where, [S] is the mutual coefficient matrix, S;; is the reflection coefficient of ith 
element, and S;j is the coupling coefficient from jth element to ith element. 
Then, the active reflection coefficient of kth antenna element is 
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k= ek /Vk (6.39) 


The mutual coupling coefficient matrix of the small array, [S], can be obtained 
through simulation and computation by use of high-frequency simulation software. 
According to the known exciting voltage matrix, [V], the active reflection coefficients 
of array elements can be calculated by expressions (6.38) and (6.39). Consequently, 
the change of active impedance can be seen. Through modification and adjustment, 
the ideal matching can be reached. 

Making use of two basic theorems, that is, the guided mode in rectangular waveg- 
uide being the overlapping of four decomposed plane waves at specific incident angles 
and the mirror image principle of electromagnetic field, and placing few antenna ele- 
ments into rectangular waveguide, the waveguide simulator method can simulate 
the active impedance of antenna element in infinite array under specific scan angle. 
The benefits of the experimental simulation method are lower cost than the small 
array method and strong ability to reflect the characteristics of large-scale antenna 
array. But it has the drawbacks as follows. First, a kind of metal waveguide simulator 
can simulate a kind of scan angle under a specific frequency and the simulated scan 
angle varies with the change of frequency. Second, it cannot simulate side-fire beam 
state. Third, some scanning states cannot be simulated because of the discreteness 
of waveguide mode and the certainty of grid shape. Fourth, the simulation of some 
scanning states requires the waveguide simulator to work in higher mode, which 
results in difficult to design mode exciter. The greatest advantage of the waveguide 
simulator method is its fast simulation speed with high precision. In addition, the 
ideal magnetic wall can be set and the mode separation can be done in simulation, 
so that the second and fourth drawbacks may be overcome. 

HFSS LBC method is a simulation and analysis method for infinite array by use 
of the periodical structure of array antenna. Its advantage is that the active impedance 
characteristics of the elements in infinite antenna array under various scanning angles 
can be obtained by simulating only one antenna element. In this way, not only the 
frequency characteristic of active impedance under specific scanning angle can be 
obtained conveniently, but also the beam scanning characteristic of active impedance 
at specific frequency point. It is an effective method with common use for large 
periodical structure array. 

The uses of the above methods in combination with the traditional mutual coupling 
analysis theory can realize the compensation and matching of array elements and 
meet the engineering design requirements. 


6.4 Antenna Array Element 


Antenna radiation element is an important factor for array antenna composition. 
Its performance has a direct influence on the performance of the whole antenna. 
Especially for phased array antenna, the comprehensive performance of array ele- 
ment will widely impact the antenna array in its bean scanning performance, gain, 
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structural design complexity, mobility, and etc. In this section, the designs and usages 
of some wideband array elements with a certain scanning ability will be discussed 
as viewed from metric wave radar antenna. The principles will be described briefly 
with emphasis on engineering applications. 

Metric wave antenna operates at VHF band, with wavelength from 1—10 m. The 
selection of array element is limited by the large sizes of antenna array and array 
element. Except for electric performance, the structural size, weight, assembly and 
setup, feeding protection complexity, and cost should be taken into consideration. 
The array element suitable for metric wave antenna mainly takes the structural form 
of rod or frame. 


6.4.1 Symmetrical Dipole 


Symmetric dipole antenna is a common element form in metric wave radar antenna. 
It takes metal rod as its radiation body and is characterized by simple structure, small 
longitudinal size, high intensity, wide frequency band, and easy wide angle scanning 
impedance matching. Figure 6.14 gives a simple model of symmetric dipole with 
length of 2/ and radius of 2a. 

Its field strength pattern function is 


cos(kl cos 0) — cos(kl) 
F0, 9) = sind (6.40) 


Itis obvious that the pattern is constant and independent of ¢ in the plane vertical to 
the dipole. Whatever value /// takes, at 0 = 0° direction, the radiation field always 
is zero, no radiation at axial direction. When //A < 0.7, the maximal radiation 
direction is 9 = 90°. For common half wave dipole, 2/ = 0.5A, its field strength 
pattern function is F (0) = mile aaa the corresponding beamwidth is 0373 ~ 78°. 

Symmetric dipole usually operates during 0 <//A < 0.35 and 0.65 < 1/à < 0.85, 


its input impedance can be approximated as 


Rm 
-2 
sin“ (al) 


— JZoavctg (al) (6.41) 


inA = 


Fig. 6.14 Coodinate relation of symmetric dipole model 
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Fig. 6.15 Relation curves of wavelength shortening factor of symmetric dipole 


where, / is the increased length of dipole due to ignoring end effect. Zoq, is the aver- 
age characteristic impedance of symmetrical dipole. The characteristic impedances 
are different for the different positions of symmetric dipole center. The character- 
istic impedance of symmetric dipole is described by use of average characteristic 
impedance as Zogy = 120(In a — 1). Here, a = nk, nis the wavelength shortening 
factor, the relationship of n between //A and l/a is shown in Fig. 6.15. Rm is the 
radiation resistance of symmetric dipole. For a half-wave dipole, Rm = 73.1 Q. 

The average characteristic impedance becomes lower with the arm of symmetric 
dipole getting bigger. The flatter the input impedance varies with frequency, the easier 
the matching is realized in wide frequency band. In view of the size and weight of 
metric wave antenna, the dipole arms are often arranged to be a circle by use of 
multiple cables, forming a cage antenna. Also, the dipole arm can be made in the 
form of planar plate. For the symmetric dipole with noncircular cross section, its 
characteristics can be viewed to be same as the cylindrical dipole with equivalent 
radius. 

The equivalent radius of elliptical cross section can be found by 


ae = (p + q)/2 (6.42) 


where, p and q are the long axis and short axis of ellipse respectively. 

The equivalent radius of rectangular cross section can be obtained by searching 
the cure shown in Fig. 6.16. 

In engineering, for the convenience of matching, the symmetrical dipole is 
expected to work at the state that its input impedance is the pure resistance, that 
is, the imaginary part is zero. Its input impedance can be approximated as 


20(k1)? 0 < 1/à < 0.125 
Rin = $ 24.7(kl)?4 0.125 < 1/0 < 0.25 
11.14(kD)417 0.25 < I/A < 0.3185 
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Fig. 6.16 Equivelant radius of rectangular cross section 
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Fig. 6.17 Feeding symmetric dipole via two balance converters 


The current symmetry of two arms of symmetric dipole ensures its good electric 
performance. When the symmetric dipole at metric wave band is fed via double 
cables, the currents of its two arms can be thought to be symmetric. When feeding 
via coaxial cables, balance conversion is needed to ensure the current balance of two 
arms. Nowadays, the wideband balancers in common use are the stripline balance 
converter and the balance converter with additional balance segment, as illustrated 
in Fig. 6.17. 

The stripline balance converter is a modificated design based on the traditional 
coaxial slotted balance converter. The two external conductors of the slotted coaxial 
cable are changed into two parallel plates, similar to stripline structure. This struc- 
ture has larger power capacity and wider wideband characteristics. Its characteristic 
impedance is 


Zo = 15 + 601n s/d > 1.5) (6.43) 
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d 

Zo2 = 173[cos(90° —)]°>(d/s < 0.6) (6.44) 
S 


where, d is the diameter of the inner conductor between plates, s is the plate spac- 
ing. The input impedance of the stripline balance converter should be equal to the 
characteristic impedance of the feeding coaxial cable so as to realize good matching 
within wide frequency band. 

The connection form of the balance converter with additional balance segment is: 
the external conductor of coaxial cable is connected to an arm of dipole, the internal 
conductor of coaxial cable is connected to a segment of metal cylinder (0.25% in 
length, the balance converter with additional segment) and then to the other arm 
through the metal cylinder. The structural size of the metal cylinder is equal to the 
structural size of the external conductor of the coaxial cable. They both are fixed on 
a metal base and form the 0.25% short circuit line for terminal short circuit. As far as 
the above mentioned symmetric dipole antenna is concerned, because of structural 
symmetry, the input impedance of the short circuit line acts as a compensation for 
the resistance of dipole, expanding the operational bandwidth. At the same time, the 
shunt current on the outer wall of the external conductor of coaxial cable is equal to 
the current on the metal cylinder, ensuring the symmetric distribution of the currents 
on the two arms of dipole. 

It can be seen that the symmetric dipole antenna fed using the balance converter 
with additional balance segment is easy to form a dual-polarization antenna ele- 
ment. Dual polarizations can be realized by placing two symmetric dipoles vertically 
and crosswise. Changing the feeding phases of the two dipoles can also form left- 
handed (right-handed) circular polarization operating state. What shown in Fig. 6.18 
is a dual-polarization element fed using the above-mentioned feeding structure. The 
dipole arm is a cone cage structure with its diameter getting greater gradually along 
axis. The combination of metal material and feeding balancer enlarges the operating 
bandwidth. On the other hand, it is featured by light weight, high intensity, and low 
wind resistance. The parasitic posts take a metal cylinder structure and locate at two 
sides of symmetric dipole antenna. Choosing adequate spacing and height widens the 
E-plane lobe of the dipole antenna and realizes good lobe equalizing. The reflection 
grid increases the forward radiation efficiency of the antenna element and decreases 
the back lobes of the antenna significantly. Also, it is featured by light weight and low 
wind resistance. The relative bandwidth at an antenna standing wave ratio smaller 
than 2 is greater than 50% and the element isolation is greater than 30 dB. 


6.4.2 Folded Dipole 


The folded dipole antenna can be viewed as two half wave dipoles spacing very 
closely (d < i), as shown in Fig. 6.19. The two top ends are the current wave nodes 
and the middle is the current wave antinode. 

The input impedance of folded dipole is 
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(1, 2 —cone cage dipole arm, 3— parasitic post, 
4— reflection grid, 5—antenna radome, 6—metal base) 


Fig. 6.18 Wideband dual-polarization cone cage antenna 
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Fig. 6.19 Schematic diagram of folded dipole antenna 


2Uo 4ZinaZp 


Zin = == 
To 2Zina F Zp 


(6.45) 


Here, Zina is the input impedance of symmetric dipole, Z, is the input impedance 
of short circuit line of / in length, Z, = jZoptg(kl), Zoo = 120ln(d/a). When 
21 = ż, Zin = 4Zina © 300 Q. 

The folded dipole is equivalent to the symmetric dipole enlarged in diameter. Its 
equivalent radius is 


ae = Vad (6.46) 


where, a is the radius of cylinder conduct wire of folded dipole. If the radius of the 
two conduct wires of folded dipole are different, a; and ay respectively, then the 
equivalent radius is Ina, = (a? Ina, + a In dz + 2a;a2 Ind)/(a; + ay)’. 

The folded dipole is a kind of wide frequency band antenna element with simple 
structure and light weight, widely used in metric wave band. The structural model 
of folded dipole is illustrated in Fig. 6.20. 
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Fig. 6.20 Structural model of folded dipole 


6.4.3 Directional Antenna 


Directional antenna is also called as Yagi antenna. It is simple both in structure and 
feeding. It has found wide applications in radio equipments operating at metric wave 
band, such as communication, radar, television, and so on. Its structure is shown in 
Fig. 6.21, consisting of an active dipole, a reflector, and multiple directional passive 
dipoles. The active dipole may be the half wave dipole or folded dipole introduced 
previously. In general, the folded dipole is selected due to its higher input impedance 
and convenience of matching with feed line. The reflector and passive dipoles are all 
the isolated metal poles, disconnected to the active dipole. All dipoles are arranged 
in a plane, centered along a straight line and parallel each other. In operation, the 
active dipole radiates electromagnetic waves, which will produce induced current on 
the passive dipoles. By adjusting the lengths of reflector and passive dipoles and the 
spacings of adjacent dipoles to make the phases of induced currents on the isolated 
dipoles lag in turn from the reflector to the final passive dipole, the antenna radiating 
maximal energy toward the passive dipoles can be realized. These passive dipoles 
are called as director. 

Directional antenna has excellent directivity. Actually, the radiation from passive 
dipole to reflector is very weak, so only a reflector is usually used. Adding more 
directional dipoles in front of the active dipole can improve the antenna gain sig- 
nificantly, but the number should not be over 10. Because the induced current on 
the directional dipole far from the active dipole away is very weak, it acts less for 
enhancing antenna directivity. In order to reduce the sidelobes of directional antenna 
and increase the forward gain, the reflector is often fabricated as a rectangular grid 
structure, with its grid strips being parallel to dipole. 

Directional antenna is a travelling-wave antenna with slow wave structure. Its 
gain is approximated as 


G ~ 10— (6.47) 
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Fig. 6.21 Structrual diagram of directional antenna 


Here, L is the total length. The beamwidth is approximated as 


E 
zag © ss jE (6.48) 


In designing, the structural parameters of directional antenna are determined 
according to the gain and beamwidth requirements. Because the parameters are 
restricted each other, computer aided optimization design is used in general. It is 
shown in practice that the parameters should be selected usually in a certain range. 

The spacing between the directors of directional antenna is chosen usually in the 
range of (0.15—0.4) X. When a large value is chosen, the beamwidth is narrow. There 
is flat frequency response characteristic of impedance, but the sidelobes are great. 
When a small value is chosen, the sidelobes are low, but the gain is small. 

The spacing between reflector dipole and active dipole often takes (0.15-0.23) X. 
It has an influence on the ratio of forward field intensity and backward field intensity 
and the input impedance of directional antenna. When the spacing is (0.15-0.17) ~, 
the ratio of forward field intensity and backward field intensity is great, the input 
impedance of antenna is small (15-202). When the spacing is (0.2—0.23) i, the ratio 
of forward field intensity and backward field intensity is small, the input impedance 
of antenna is great (509-602). 

Table 6.6 gives some reference data for the selection of spacings. 

As for the selection of dipole length, the reflector dipole is often within (0.5—0.55) 
A. The reflector length should not be less than 1/2 of the shortest operating wave- 
length. The directional dipole is within (0.4—0.44) ~. The lengths of all dipoles may 
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Table 6.6 Optimal equal-spacing data of directional antenna 


Number |d;⁄À do\/r di2/À d23/À d34/À d45s/À ds56/À 
E 

N 

2 0.15-0.2 

2 0.07-0.11 

3 0.16-0.23 | 0.16-0.19 

4 0.18-0.22 | 0.13-0.17 | 0.14-0.18 

5 0.18-0.22 | 0.14-0.17 | 0.15-0.2 | 0.17-0.23 

6 0.16-0.2 | 0.14-0.17 | 0.16-0.25 | 0.22-0.3 | 0.25-0.32 

8 0.16-0.2 | 0.14-0.16 | 0.18-0.25 | 0.25-0.35 | 0.27-0.32 | 0.27-0.33 | 0.3-0.4 


(d, is the spacing between reflector and active dipole, da(n+1) is the spacing of adjacent dipoles) 


A,/2 


Ay/2 


Fig. 6.22 Type H hybrid folded dipole 


be equal and can be decreased gradually with the spacing increasing. The length of 
active dipole is about 0.4751. The length should be short with dipole getting bigger. 

The radius of passive dipole can be determined according to the antenna frequency 
band requirement. The bigger the dipole is, the lower the characteristic impedance 
is and the wider the antenna frequency band is. According to the bandwidth Af, the 
characteristic impedance of dipole is 


Zo = (9.6 ~ 12.8) fo/Af (6.49) 


In the formula, fg is the center frequency. From the characteristic impedance of 
dipole, we can find the radius of dipole, generally being (1/500-1/80)Ao. Table 6.7 
lists the typical characteristics of several spacing-equal directional antennas for 
reference in design (in the table, the radius of conduction line is 0.00251). 

The directional antenna has narrow frequency band, especially, the higher the gain 
is, the narrower the bandwidth is. To expand the bandwidth, the hybrid folded dipole 
is used as active dipole in general. Shown in Fig. 6.22 is a kind of hybrid folded 
dipole. 

In Fig. 6.22, Ay, is the low-frequency wavelength, Ay is the high-frequency wave- 
length. In this case, the input impedance of the hybrid folded dipole is about 300 Q. 
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Fig. 6.23 Bow-tie antenna 


~~ dipole 


feederline 


(a) Geometric structure (b) Schematic diagram of feeding 


Fig. 6.24 Log periodic dipole antenna 


6.4.4 Log Periodic Antenna 


Log periodic antenna (LPD) is a frequency-independent antenna, initially proposed 
by Isbell and Duhamel and modified by Isbell. After that, Carrel made detailed the- 
oretical and experimental researches on it and proposed concrete design procedures. 
Log periodic antenna is a discrete self-similar structure, meeting self-similar struc- 
ture at some frequency points. That is, when an antenna has been transformed at 
a scale factor, t, it still holds its original structure. Thus, the characteristic of the 
antenna varies periodically with the logarithm of frequency. 

Log periodic antenna evolved from bow-tie antenna (also called as double-fin 
antenna) at the very beginning. As shown in Fig. 6.23, the antenna radiates linearly 
polarized waves bidirectionally in the direction vertical to the antenna plane. How- 
ever, it only has limited bandwidth because radial current suddenly cuts off at the 
end of antenna. 

At the beginning of 1960s, further advance was achieved in log periodic antenna. 
The log periodic dipole antenna (LPDA) was developed, as illustrated in Fig. 6.24. It 
has found wide applications in communications, broadcasting, and television at HF, 
VHF, and UHF frequency bands. 

The log periodic dipole antenna is composed of N symmetric dipoles in parallel 
arrangement. Its structural characteristics are that the sizes and positions of individual 
dipoles are determined according to a scale factor, t, that is, 
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"r = 6.50 
dn la Rn an i : 


In the expression, t is called as period rate, the footnote, n, indicates the serial 
number of dipole, n = 1, 2, 3...N, the small serial number means large size, d 
represents the spacing between dipoles, / is the full length of dipole, R is the vertical 
distance from the antenna geometric top, O, to dipole, a is the radius of dipole. 

The whole structure of antenna relies on period rate t, structure angel œ, and 
spacing factor o. a is the included angle of all dipole final-end connection lines. o is 
equal to the ratio of the spacing between two adjacent dipoles and the double length 
of the longer dipole, that is 


pe (6.51) 


We can obtain 


= _f{1l-t 
a = 2tg 7) (6.52) 
o 


Therefore, among three structure parameters T, œ, and ø , only two may be selected 
independently. In general, all dipoles are fed via a pair of dual-wire transmission lines. 
The signal source is connected to the end of the short dipole. The adjacent two pairs 
of dipoles are cross fed, as shown in Fig. 6.24b. 

The operating bandwidth of LPDA is mainly limited by geometric sizes, that is, 
the length of the longest dipole and the length of the shortest dipole. Nowadays, the 
frequency range above 10:1 has been realized. 

The lengths of the longest dipole and the shortest dipole of log periodic antenna 
are respectively the half wavelengths of the lowest frequency and the highest fre- 
quency of the operating bandwidth, which will result in a large size metric wave 
antenna and inconvenience in use. On the other hand, the operating frequency band 
of antenna often is the bandwidth of octave. When arranging array, element spacing 
is determined according to the wavelength of high frequency, but the longest dipole 
is designed according to the wavelength of low frequency, so that the antenna will 
not be arranged due to the limited spacing. Thus, log periodic dipole antenna has 
many variations occupying reduced space in order to meet the requirements of low 
frequency operation and array arrangement. 

Figure 6.25 shows a tree-like fractal log periodic dipole antenna. Through first- 
order or second-order tree-like fractal of the dipole of conventional log periodic 
antenna, the dipole arm length can be decreased. In this way, the horizontal size of 
antenna element can be decreased to be the half of conventional log periodic antenna. 
The combination of the dipole arm length decreasing and the loading part introducing 
makes the parasitic impedance decrease. In corresponding, the length of the feeding 
parallel dual-line can be reduced to 53% of conventional periodic antenna. Therefore, 
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Fig. 6.25 Tree-like fractal structure 


Fig. 6.26 3/2 Curve fractal structure 


the antenna area is reduced to 30% of conventional periodic antenna, reducing the 
antenna area greatly. The array arrangement can be realized at metric wave band. 

Except for tree-like fractal, Koch fractal or 3/2 Curve fractal can be applied to the 
dipoles of conventional log periodic dipole antenna. Figure 6.26 gives a 3/2 Curve 
fractal log periodic dipole antenna. The size and area of the antenna can also be 
reduced. 

In another variation of log periodic dipole antenna, the dipoles of conventional 
log periodic antenna take the shape of plane rather than line. In this way, a plate 
dipole log periodic antenna is formed. Its horizontal size and height can be reduced 
to 80% of conventional log periodic dipole antenna. 


6.4.5 Tapered Slot Antenna 


In 1974, Lewis put forward a kind of microstrip line feed waveguide slot antenna. 
This antenna structure with end-firing toward open direction is thought as the origin 
of slot antenna. The antenna structure proposed by Lewis is illustrated in Fig. 6.27. 
In the slot antenna, two slots with two curved edges are opened on two layers of 
external conductor and the open-circuit orthogonal conductor is used for excitation. 

The radiation mechanism of this antenna can be described as follows: TEM elec- 
tromagnetic wave is fed from stripline transfers to slot position then excites induced 
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Fig. 6.27 Slot antenna structure proposed by Lewis 


exponential tapered curve 


Fig. 6.28 Basic structure of Vivaldi antenna 


voltage at two sides of the slot and correspondingly generates induced electromag- 
netic wave. The induced electromagnetic wave radiates out along the direction verti- 
cal to slot width. The electromagnetic wave radiated by the antenna is the polarizated 
wave, belonging to travelling wave radiation. 

In 1979, a kind of exponential tapered slot antenna was proposed by Gibson and 
named as Vivaldi that is the name of a violinist. The structure of Vivaldi antenna is 
shown in Fig. 6.28. The exponential tapered metal layer is printed on the dielectric 
substrate. The other side of the substrate has no metal layer. The curves including in 
the antenna are the blocklines of exponential curve. Exponential function is defined 
as y = +ce**, here y is the half of slot width, x is the length of slot, R is the 
tapered curvature of exponential curve. The radiation process of Vivaldi antenna is: 
the guided travelling wave is fed into the slot via Balun; the electromagnetic wave 
is tied in the slot and then propagates toward the opening direction of the slot; when 
the electromagnetic energy arrives at the largest opening place, the antenna starts to 
radiate electromagnetic wave along the direction vertical to the slot opening. 

The most important structure feature of tapered slot antenna is the tapered slot. 
This tapered slot is the radiating region of tapered slot antenna. Generally, the portion 
for feeding energy in is the narrow slot portion with equal width, but this is not neces- 
sary. Electromagnetic energy can be directly fed to the tapered slot portion. In tapered 
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~~ microstrip feed line 


Fig. 6.29 Schematic diagram of classical tapered slot antenna structure 


region, the electromagnetic energy is radiated toward the opening direction into free 
space via the tied electromagnetic wave. With the distance between the metalized 
curves becoming bigger, the tying on the electromagnetic wave becomes smaller. 
When the tying weakens to a certain degree, the electromagnetic wave starts to radi- 
ate. The electromagnetic signals of different frequencies are radiated via different 
portions of the slot. The narrow opening end radiates higher frequency electromag- 
netic wave and the wide opening end radiates lower frequency electromagnetic wave, 
showing the feature of the travelling wave antenna. 

Tapered slot antenna has very wide impedance bandwidth, in general, the band- 
width at standing wave ratio smaller than 2 can reach up to 5 octaves. Its bandwidth is 
impacted by slot width, exponential curve form, and feeding mode. Firstly, as for slot 
width, narrow width corresponds to the upper limit of operating frequency and the 
largest opening corresponds to the lower limit of antenna operating frequency. Sec- 
ondly, the curvature of exponential curve has influence on impendence bandwidth. 
The tapered curves in linear tapered form or other forms have different influences 
on impedance bandwidth. Finally, once antenna slotting structure has been fixed, 
the feeding mode adopted by antenna also has influence on impedance bandwidth, 
mainly including energy conversions at two places, one is feeding energy from feed 
structure to narrow slot, and the other is the electromagnetic energy tied in radia- 
tion region being converted into free space. Especially, the wideband characteristic 
of initial feeding is a difficult point of this antenna. Figure 6.29 gives the struc- 
tural schematic diagram of classical tapered slot antenna. It adopts mcirostrip—slot 
coupling feeding mode. 

As far as metric wave antenna is concerned, due to large antenna size, the metal 
portion of the above-mentioned tapered slot antenna often adopts metal plate, and, on 
the other hand, the feeding portion is deformed, using coaxial cable feeding structure. 
For further decreasing weight and wind resistance, the metal portion of tapered slot 
antenna usually is fabricated in frame structure, see Fig. 6.30. 

Advanced metric wave radar antenna is expected to have perfect characteristic in 
both wide frequency band and wide scanning range. In antenna array, to avoid grid 
lobes when beam making wide angle scanning, the arrangement spacing should be 
determined according to the wavelength of higher frequency. Therefore, the element 
spacing is required to be very small. Under this condition, widening the array band- 
width can be realized by two methods. One is that the antenna element composing 
the array is a miniaturized ultra wideband antenna. The antenna size is much smaller 
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Fig. 6.31 Closely arranged array of wideband and wide angle dual-polarization tapered slot antenna 


than the wavelength of lower frequency in operating bandwidth. There is excellent 
wideband performance within the limited element spacing. However, according to 
the antenna radiation principle, its physical size has a limit, which results in diffi- 
culty in realization. Another method for widening array bandwidth is to consider 
how antenna elements can operate in the array at the lower frequency than the fre- 
quency at which individual elements operate, that is, the mutual coupling between 
elements is used to make small-sized elements have larger bandwidth so as to widen 
the bandwidth of the whole array. For tapered slot antenna, in the case of horizontal 
size being limited by element spacing, through close arrangement, the bandwidth 
at lower frequency can be effectively widened by making use of the mutual cou- 
pling between array elements. Thus, good wide-angle scanning performance can be 
achieved within wide frequency band. Shown in Fig. 6.31 is a wideband and wide 
angle dual-polarization antenna array consisting of the tapered slot antennas in close 
arrangement. Scanning 45° within 4:1 bandwidth, the standing wave ratio is smaller 
than 2. 

The basic principle of widening bandwidth by means of close arrangement is 
described as: in the array, because the size of tapered slot antenna is very small 
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Fig. 6.32 “Bunny Ear” antenna structure 


compared with the corresponding lower frequency wavelength, we can view it as short 
dipole with uniform current. The short dipole has very low radiation effectiveness 
due to its very small radiation resistance. The radiation resistance r is 


r = 2007 (1/4)? (6.53) 


In the expression, / is the length of dipole, à is the operating wavelength. For 
short dipole, l « A, the radiation resistance is only several ohms. After an array 
has been formed, the current is nearly uniform, which means the length increasing 
equivalently. This makes radiation resistance increase effectively and then the radi- 
ation capability is carried to a new and higher level. Its operating bandwidth can be 
expanded effectively toward lower frequency. For instance, when/ = A/2,r ~ 49 Q. 
If reaching up to the 73 ohms radiation impedance of half wave dipole, the length 
should be slightly larger than a half of wavelength. Taking boundary truncation effect 
into consideration, only the length reaches up to a wavelength of lower frequency, 
the ideal matching requirement can be met. 

On the basis of tapered slot antenna structure, Lee and some other scholars brought 
forward a double exponential tapered antenna, called as “Bunny Ear” antenna. The 
antenna has excellent performance on 5:1 bandwidth. It is much shorter than tapered 
slot antenna and thus has much smaller horizontal current. Additionally, the antenna 
exhibits lower cross polarization performance and has simple feed line, so that it is 
more suitable for meeting the setup of metric wave antenna. As shown in Fig. 6.32, 
one of its important features is that the isolated element is not placed in the continuous 
metal structure. 
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Fig. 6.33 Schematic diagram of infinite bandwidth long slot array antenna structure 


6.4.6 Lon Slot Array Antenna 


Long slot array is a type of ultra wideband antenna. Its basic principle is on the basis 
that a finite number of slots of infinite length spacing by half wavelength A/2 of higher 
frequency, excited in A/2 equal spacing along slot direction, radiate plane waves 
toward two sides without grid lobes. According to the dispersionless characteristic 
of plane wave, the array has no cut-off frequency at lower frequency band. In theory, 
it has infinite bandwidth. Placing metal back-cavity at one side of long slot array can 
realize unidirectional radiation, but the bandwidth infinity is broken. At present, it 
is reported in literatures that the demonstrated operational bandwidth in experiment 
(experimental small array) is about 4:1. The principle of long slot array antenna is 
given in Fig. 6.33. 

In general, long slot antenna is suitable for various working environments. The 
use of metric wave large array antenna is mainly limited by the wind resistance 
and mobility of antenna structure (structure blocking design, mobile transportation 
structure design). 

The array elements of long slot array are connected each other rather than discrete. 
There is strong mutual coupling between array elements. Its wideband characteristic 
profits just from the utilization of the mutual coupling between array elements. Shown 
in Fig. 6.34 is a long slot antenna structure. The long slot array antenna is across-slot 
excited through the interconnected dipoles located between the slot surface and the 
back-cavity. Array element spacing is often determined by the minimal wavelength in 
the operating frequency band. The selection of the feeding modes is critical, including 
the selection of wideband impedance conversion, balance to imbalance conversion, 
and feeding transmission line. Nowadays, parallel dual transmission lines are used for 
feeding the dipoles. The parallel dual transmission lines pass through the back cavity 
and connect to the transformer Balun. Such structure imposes a strict requirement on 
the size of antenna back-cavity structure. Meanwhile, the transformer Balun shows 
greater loss at higher frequency end. 
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Fig. 6.34 Long slot antenna structure excited by dipole 


6.5 Antenna Tolerance 


As for active phased array antenna system, the presence of various errors leads to the 
aperture distribution of phased array antenna deviating from the theoretical design 
value inevitably, which will make the antenna performance degrade, for example, 
sidelobe rising up, beam direction deviating, and gain dropping. There are many 
types of errors affecting antenna aperture distribution, usually dividing into three 
classes: slowly-changed error, systematic error, and random error. 

In general, the slowly-changed errors result from array surface roughness, gravity 
deformation, and wind force deformation. The influences of this class of errors appear 
near the mainlobe. 

The systematic errors include the inconsistent frequency characteristics among 
circuit components, imperfect design, structural asymmetry, and so on, usually pre- 
senting periodicity. The features of the above two classes of errors are that their influ- 
ences on antenna performance can be strictly computed and controlled in advance. 

The random errors involve element active channel error, manufacture tolerance, 
mount tolerance, element malfunction, and etc. This class of errors is random and 
thus difficult to strictly analyze and compute in advance. They are finally equivalent 
to the random changes of amplitude and phase distributions of array antenna aperture 
current and should be analyzed by use of statistical theory. The mount tolerance means 
the mount position error of array element. It introduces the phase error of element. If 
the position deviations of antenna element on x, y, z three axial lines are Ax, Ay, Az 


respectively, then their variances are 04 ,, 04 y ox. If the mount tolerances of antenna 


element on three axial lines are identical, that is, oX, = ox, = Thos it can be 
shown that the root-mean-square of the total phase error resulted from element mount 


tolerance o,, is 


Ong = —-OAx (6.54) 
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Fig. 6.35 Deformation models of antenna array surface 
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Fig. 6.36 Impact of secondary deformation of antenna structure on antenna pattern (The greatest 
deformation amounts are 4/8, 4/10, 4/15, and A/30 respectively) 


On the basis of structural mechanics analysis of large metric wave antenna array 
surface, the forced deformation of antenna can be divided into linear deformation 
and secondary deformation. Figure 6.35 give the linear deformation model and the 
secondary deformation model of antenna array surface. 

It is easy to understand that the linear deformation mainly has effects on the 
pointing accuracy of antenna. For instance, considering a metric wave antenna with 
aperture being 10A, when the greatest deformation amount of linear deformation 
is A/15, the beam pointing deviation is 0.38°. The secondary deformation of array 
surface will add a secondary phase error to the antenna aperture, leading to antenna 
beam root segment widening and gain dropping. Figure 6.36 illustrates the change 
of antenna pattern under secondary deformation of antenna structure relative to non- 
deformation. 

For a large array antenna, it is required to make analysis on its aperture amplitude 
and phase errors using statistical theory. The sidelobes having errors obey Rice distri- 
bution in probability. Therefore, when antenna beam pointing direction is (0, ø), the 
mainlobe-to-sidelobe ratio of antenna R is not beyond the probability p distribution 
of the required value Rr, expressing by 
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From the expression, we can obtain the relation curve between the probability 
that antenna can reach a certain sidelobe level (Rr) and the mean square sidelobe 
level (og) under the given theoretical design sidelobe level R. In the expression, the 


mean square sidelobe level of antenna oÊ is expressed by 


2 [0o TF 20g 
RÝ - (6.56) 
2 L fo, po) npN 
Here, 
€ (0, p) = (1— p) +040, 9) + Poig p) 
A (6,¢) amplitude variance of element 
op variance of sidelobe-mainlobe ratio 
Oia (0,9) phase variance 
n Antenna effectiveness 
pN Effective element number 
p Effectiveness 
Assume that antenna element has no directivity, that is, fep — 1, and the 


. ; A f (0.0) : 
variances of amplitude and phase errors are independent of the beam scanning angle, 


then we have 
A- p) +04 + poig =2-npNog (6.57) 


Figure 6.37 gives the relation curves between the probabilities that the antenna 
reaches —25 dB and —30 dB sidelobe levels (Rr) respectively and the mean square 
sidelobe level op under the aperture distribution is designed according to -35 dB 
Taylor distribution. 

It is obvious that lower sidelobe requires smaller mean square sidelobe level op 
under the same probability. Given the probability that the required sidelobe can be 
reached, the mean square sidelobe level o, can be calculated. Making use of the above 
relationship expression, the aperture amplitude and phase errors can be distributed 
and constrained. 

In the case of having or no amplitude and phase errors, the influence of phased 
array antenna element on antenna gain relies on element amplitude and phase errors 
and effective element number of array. The correlation can be expressed as 


D(®, Yo) 1 
AG = 10- lg(————_) = 10 - lg| ——— (6.58) 
Do(9, Go) eh; + =) 
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Fig. 6.37 Relation curves between the probabilities that the antenna reaches sidelobe levels and 
the mean square sidelobe level 


Here, D (60, go) is the directivity coefficient in the case of having random ampli- 
tude and phase errors of element, Do (60, go) is the directivity coefficient in the case 
of no random amplitude and phase errors of element, AG is the relative variation 
of gain. For a large phased array antenna, the random amplitude and phase errors 
of element channel have greater impacts on the antenna gain. In considering error 
distribution, special attention should be paid to antenna gain dropping. 

In designing phased array radar system, the formula of beam pointing direction 
error is 


AO = Fan VQ OL 
(Fa)N 
o - [1 + OK, 
Chg = 95; + Ogi (6.59) 


where, 


o% amplitude variance of element; 

phase variance introduced by element position accuracy; 

0%; phase variance introduced by the exciting current of element channel; 
N Number of elements. 


6.6 Impact of Metric Wave Multipath Effect 


When radar beam illuminates target, except for the echoes directly scattered back 
from target, there are also target echoes indirectly scattered from ground surface (sea 
surface) and barriers. All of these echoes arrive at radar receiver at the same time. They 
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Fig. 6.38 Schematic diagram of effective reflecting zone 


overlap each other and generate interference effect, usually called as multipath effect. 
As far as metric wave radar is concerned, ground surface and sea surface reflections 
are the main reasons to cause multipath effect. Multipath effect has a severe impact 
on antenna patter shape and makes the beam split, thus has a significant impact on 
radar detection performance, especially the low-altitude detection performance. 

The reflection intensity is related to the roughness of ground surface (sea surface). 
When the mean square deviation of asperity height Ah meets Ah sin y < 4/8, rough 
surface can be viewed as flat surface. When the grazing angle is very small and the 
wavelength is big, it is easy to generate multipath interference effect. The amplitude 
of diffuse reflection caused by the rougher surface is very small compared with the 
direct wave. It only causes small ripples in the direct wave, thus can be ignored. 

When considering the impacts of reflection, the effective reflecting zone should be 
determined firstly, generally called as the first Fresnel elliptical zone in engineering. 
As shown in Fig. 6.38, it is an elliptical zone in which the ellipsoid making radar 
image and target as its two focal points intersects the ground surface. The reflec- 
tion and scatter in this zone have big influences on antenna pattern. Their positions 
and covering ranges can be defined by the center, semi-major axis, and semi-minor 
axis of ellipse. Section 4.2.4 introduces the simplified method for defining effective 
reflecting zone from the view of site measurement required for terrain correction 
algorithm. In this section, the effective zone will be analyzed more fully and deeply 
from the view of impact on antenna performance. 

When the antenna height hj, target height hz, and target range R are all far greater 
than the operating wavelength, the parameters of Fresnel elliptical zone can be com- 
puted by the following formulas respectively: 

Elliptical center: 


OD = R(1— F)/2 (6.60) 


6.6 Impact of Metric Wave Multipath Effect 


antenna 


Fig. 6.39 Multipath effect model of electromagnetic wave propagation 


Semi-major axis: 


a = RF\,/ (1+ F? — 2F5) 


Semi-minor axis: 


target 


b= RV — 1)(1 + F2 —2F3) 


Here, 
NÀ 
Fi = OR + sec(w) 
h2 7 h2 
F = 2 1 
(Ff — 1)R? 
_ hth 
°F? = 1) R? 


h h 
v= arctg( =) 
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(6.61) 


(6.62) 


Considering the influence of earth curvature, the radio wave propagation can 
be divided into three zones: interference zone, middle zone, and diffraction zone. 
Multipath effect mainly appears in interference zone. The multipath effect model of 
electromagnetic wave propagation transmitted by the antenna set up on the ground 


surface is shown in Fig. 6.39. 


In the multipath effect model shown in Fig. 6.39, the antenna height is hı, the 
target height is ho, the direct route of electromagnetic wave transmitted by antenna 
to the target is R, the reflection route of electromagnetic wave from the target is Ry + 
R2. According to the propagation path of electromagnetic wave, the total propagation 


factor to the target, F, is 
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F = f (01) - V1 + X2 + 2X cos(a) (6.63) 
where, the parameters in (6.63) are defined and described as: 


= pf (62) = r Dpo f (82) 
f (1) f (1) 


(6.64) 


Here, pọ is the amplitude value of ground surface or sea surface reflection coeffi- 
cient; r is the roughness coefficient of surface; D is the diffusion factor; f (01) is the 
antenna pattern factor of direct wave; f (62) is the antenna pattern factor of reflected 
wave. 

Phase difference: 


216 


In the expression, ¢ is the phase loss resulted from surface reflection; 1, 62 are 
the initial phases of the antenna direct wave and the reflected wave respectively. 
While the path difference: 


=R +R -R= 


2hyhy 
a (6.66) 


In the formula, d is the horizontal distance from antenna to target, J(S,T) is the 
path difference correction factor considering the earth curvature and can be solved 
by the following formulas. For the convenience of computation, two intermediate 
variables S; and S, are introduced. 

s- d (Si + ST) 
© V2ae(vhi th) 14T 


r= |” 6.68 
n (6.68) 


J0- +4827? +- 1 
7 2SıT 


(6.67) 


2 (6.69) 


where ae is the equivalent radius of the earth which is about 8500 km. From formulas 
(6.67), (6.68), and (6.69), we can find out parameters S, T, S4, and So. 
Then, 
J(S,T) = (1 — SX ( — S83) (6.70) 


Diffusion factor: 
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Table 6.8 Relative dielectric constants and conductivities of common earth materials 


Material Relative dielectric constant ¢; | Conductivity øo (S/m) 
Low-salt sea water 80 1 

Mean-salt sea water 70 5 

Fresh water 80 0.003 

Wet soil 30 0.01 

Medium-dry ground 15 0.001 

Dry ground 7 0.0003 


4S? SoT (05) 
Sa- Si). + T) 


D=(1+ (6.71) 


As for the roughness coefficient r, if the height distribution of rough surface obeys 
Gaussian distribution, then the roughness coefficient is 


27x H Sin) a p aE sin(w) 


2 
rT a ") (6.72) 


r = exp(—2( 
where, H is the standard deviation of Gaussian height distribution; J is the zeroth- 
order modified Bessel function; y is the grazing angle and can be found by the 
following formula after correction taking the earth curvature into consideration: 


o mthi, d-S)+7?0— $3) 
tany) = (=) x ( =a 


) (6.73) 


For vertical polarization antenna, the ground surface reflection coefficient is: 


ae = Ee sin( Y) — /é — cos? (Y) (6.74) 
— £e sin(y) + y £c — cos? (y) l 


For horizontal polarization antenna, it becomes: 


L -ja _ SOY) — vee = cos? (y) 6.75 
Ph = Pohe sin(w) + Vec — cos? (y) Ii 


where, £e = &; — j60Ao is the complex dielectric constant of surface material; 
£1 is the relative dielectric constant; ø is its conductivity whose unit is S/m. ^ is 
the wavelength whose unit is m. Table 6.8 gives characteristic parameters of some 
common earth materials. 

The above two formulas show that the surface reflection coefficient of horizontal 
polarization radio wave becomes large, the amplitude value approaches to 1 and is 
not sensitive to the change of frequency. Compared with horizontal polarization, the 
surface reflection coefficient of vertical polarization radio wave is small and has an 
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Fig. 6.40 Amplitude change curve of reflection coefficient 
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Fig. 6.41 Phase change curve of reflection coefficient 


obvious change with frequency. Figs. 6.40 and 6.41 respectively show the curves 
of amplitude and phase of sea surface reflection coefficient changing with incident 
angle at different frequencies. 

Figure 6.42 shows the lobe changes of the antenna set up 20 m impacted by dry 
ground and sea surface multipath effects. 

It can be understood from the above analysis that multipath effect leads to antenna 
beam splitting and significantly tilting up, which has a great influence on the radar 
low-altitude detection performance. In the same state, sea surface multipath reflection 
contributes an influence on antenna lobe greater than dry ground. Under the same 
reflection surface, the higher the antenna is set up, the larger the influence of multipath 
effect is, leading to the antenna pattern splitting to generate more and denser lobes. 
Under the same antenna height, in comparison with the wavelength, the smoother 
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Fig. 6.42 Lobe changes of the antenna set up 20 m impacted by dry ground and sea surface 
multipath effects 


the reflection surface is, the severer the influence of multipath effect is. This further 
shows that the multipath reflection has a greater impact on metric wave antenna beam 
compared with other microwave antennas. 


6.7 Antenna Monitoring and Calibration Techniques 


In active phased array antenna, because of various factors such as inconsistency of 
components, manufacturing tolerance, assembling error, replacement of component, 
mutual influence between elements, environment temperature, certainly, there are 
initial amplitude and phase errors existing in the channels of phased array antenna. 
These errors will severely damage the antenna pattern characteristics, resulting in 
antenna gain dropping, sidelobe level rising, and beam pointing accuracy decreas- 
ing. Therefore, for ensuring phased array antenna in normal operation, the system 
must have flexible, reliable, accurate amplitude and phase online monitoring and 
correction abilities. Through accurate measurement, calibration, and compensation 
of the amplitude and phase characteristics of each channel, the antenna reaches the 
required technical specifications. 

To realize the antenna calibration, the first is able to make accurate measurements 
of the amplitude and phase differences between the element channels of antenna 
array. For this, it is necessary to add monitoring equipment into antenna array, mainly 
including the exciting signal source, calibration coupling path, amplitude and phase 
receiver, and channel control device. Based on the different positions of calibration 
coupling path at which signals are extracted, the calibration methods can divided 
into the external calibration method and the internal calibration method. 


(1) External calibration method 


The so called external calibration method means that the coupling path for extract- 
ing signal is placed outside the antenna array, able to be in either far field or near 
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field; the external correction is accomplished by respectively detecting and compen- 
sating the transmit/receive channels of individual elements. This method can detect 
the amplitude and phase errors resulted from the mount tolerance of antenna ele- 
ment and the pattern difference due to the mutual impacting between elements. Its 
advantages are reflected by no complex coupling calibration network, simple cal- 
ibration system, and the ability to conduct calibration and fault monitoring of the 
whole transmit/receive channel. However, its calibration accuracy is sensitive to the 
environment, which imposes special requirement on the site, especially in the metric 
wave band of lower frequency. 

Based on the difference in correction principles, the external calibration has 
the direct method, matrix inversion method, FFT method, middle field calibration 
method, and etc. The direct method is a near field measurement method. Making 
use of near field sweeping system, the test antenna is placed in the reactance region 
closely near radiation elements and moved along the element grid positions one by 
one. In this way, the amplitude and phase distributions of individual element channels 
in antenna array can be measured directly. The merit of this method is simple and 
direct. Nevertheless, it needs a long period for a large phased array antenna. In addi- 
tion, it is difficult to measure directly a large phased array antenna in a microwave 
anechoic chamber. Particularly, the direct method has a great limitation for large 
metric wave antenna array. 

The matrix inversion method, proposed by Davis, is a far field calibration method. 
All the technical measures for accurately achieving the far-field amplitude and phase 
lobes of antenna array can be used in this calibration method. In this method, a far 
distance test field is needed. The phased array antenna to be measured is mounted on 
a rotation pedestal and receives a far-field radiation signal. The amplitude and phase 
of the total port of antenna are measured at the preset angular position. Through 
matrix inversion, the amplitude and phase values of antenna element channels can be 
obtained. The merit of this method is the inclusion of the influences of mutual cou- 
pling between elements, mounting tolerance of array elements, and element incon- 
sistency. In theory, the matrix inversion method is an accurate calibration method. 

The FFT method is basically consistent with the matrix inversion method in algo- 
rithm principle. It is also a far-field calibration method without rotation positioning 
and assistant far-field radiation signal. In addition, it adopts faster FFT algorithm 
rather than matrix inversion. 

In the middle field calibration method, the antenna array is measured by placing 
the assistant reference antenna at the several specific positions away from the front 
of antenna array to be measured. The position means radiation near field for the 
whole array but far field for the elements in array. Corresponding to 1D scanning 
and 2D scanning phased array antennas, the middle field calibration technique can 
be divided into middle field two-point method and middle field three-point method. 
The position of the assistant reference antenna is identical to the grid spacing of array 
and the calibration wires are parallel to antenna array. 

The advantages of middle field calibration method are simple, low construc- 
tion cost, not high requirement on test site, and able to test the transmit/receive 
performance of antenna. Thus, the method is particularly suitable for the outfield 
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calibration of large phased array antenna. But its disadvantages are: (1) good con- 
sistence is required between element patterns, if necessary, modification should be 
made; (2) test results are easy to suffer the influences of environmental reflection and 
interference, for this, measurements at multiple times and multiple points should be 
made to further increase test data and improve test precision. 

In addition, some elements in the antenna array can also be used as an assistant 
antenna and the mutual coupling between elements is used to complete the ampli- 
tude and phase measurements of each element channel. This is called as mutual 
coupling calibration method. In the method, additional assistant coupling channel is 
not required, but the coupling coefficients of antenna elements of the same position 
relationship are required to be identical. Through the coupling coefficient transfer, 
the relative transmission coefficient is obtained, with which, however, error accumu- 
lation accompanies. 

Several external calibration methods commonly used for phased array antenna 
have been described briefly above. The reader who is interesting can refer to the 
relative literatures in which the more detailed descriptions about their theoretical 
algorithms and realization processes have been given. 


(2) Internal calibration method 


When internal calibration method is adopted, the coupling path is placed into 
the feed channel of antenna array, the extraction of calibration signal is realized via 
coupler or switch plus calibration network, and the calibration signal is transferred 
in a closed structure. The benefits are small impact of exterior environment, fixed 
state, and high calibration precision. But the shortpoints are complex calibration feed 
network and unable to make test and modification on antenna elements. 

It can be seen from the above analysis that the major similarities of external cali- 
bration and internal calibration are that their calibration principles and test processes 
are basically identical. Both of them acquire initial amplitude and phase data of the 
transmit/receive channels in antenna array via coupling path and can accomplish 
modification and compensation in a fast and automatic manner. Their differences are 
represented by the following aspects. First, the amount of test equipments is differ- 
ent. For internal calibration, the amplitude and phase data are obtained by directly 
coupling from the transmit/receive channel in antenna array. There are couplers or 
switches between transmit/receive channel and array element. At the same time, 
complex calibration network and large amount of cables are required. For external 
calibration, only assistant antenna is needed to place outside the antenna array. Due 
to simple structure, external calibration exceeds internal calibration in maintainabil- 
ity and reliability. Second, for internal calibration, the calibration signal is coupled 
directly in the channel and is transferred internally, thus, there is a small fluctuation 
in the amplitude of each element and no strict requirement on the dynamic range of 
calibration receive channel. Nevertheless, in external calibration, the calibration sig- 
nal is transferred via space to the assistant antenna. Because there are different angles 
and distances relative to different positions of individual elements, the calibration 
signal level of each channel presents a large fluctuation. Considering exterior multi- 
reflection interference, the calibration receive channel is required to have a wide 
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Fig. 6.43 Composition block diagram of internal calibration system for digital array 


dynamic range in external calibration, generally greater than 45 dB. Finally, because 
calibration signal transmission environments are different, internal calibration has 
small inter-channel effect and is almost not impacted by environment. Compared 
with external calibration, internal calibration has smaller errors and higher stability, 
but it does not include antenna element errors. 

Both internal calibration and external calibration have their own shortages and 
excellences. The selection of calibration methods should be dependent on different 
antenna arrays and requirements. For metric wave phased array antenna, external 
calibration method should not be used due to its large array size and the interfer- 
ences resulted from celestial body radiations, communication signals, broadcasting 
and television signals, and etc. To ensure the test and calibration precision, internal 
calibration method is commonly selected. Especially for the metric wave antenna 
that communication signals, broadcasting and television signals are included in 
its frequency band, it is required to adopt the switch matrix system composed of 
high-isolation switches and feed network to isolate the exterior interference signals 
received by antenna elements. The accurate calibration of the whole array is realized 
through self-check one by one. 

Figure 6.43 gives a basic composition block diagram of the internal calibration 
system for typical metric wave full-digital antenna array, mainly including coupler 
or switch, calibration network, single pole double throw (SPDT) switch, exciting 
source, calibration receive channel, and etc. 

For receive calibration, the exciting source outputs RF signal which is sent to 
each directional coupler via SPDT switch and calibration network and is injected 
into the receive channel of array DAM through the coupler. The element channels 
can receive the signal independently at the same time. Due to high insolation, the 
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relative amplitude and phase data of each receive channel can be obtained. The 
comparison between the data and the receive reference calibration data is made in 
the DBF computer to obtain the amplitude and phase calibration codes under receive 
state. In operation, the DBF system will use the data to make amplitude and phase 
corrections of the receive DBF. 

For transmit calibration, each transmit channel can be turned on or off indepen- 
dently and the one-by-one self-check calibration mode is adopted. Under the control 
of initial phase-shift code, the transmit channels transmit signals one by one. The 
coupled signals pass through the calibration network and the SPDT switch and enter 
into the calibration receive channels. Then the relative phase data of each channel can 
be extracted. Through comparison with the transmit reference calibration data, the 
phase calibration code under transmit state can be obtained. In operation, the DBF 
computer will send the calibration data to the digitalized active channel to realize 
the corrections of the transmit beams. 
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Chapter 7 A) 
Metric Wave Transmit and Receive E 
Techniques 


7.1 Overview 


The rapid development of semiconductor industry brings along the revolution of 
information technology. The digitalization is becoming a trend of information tech- 
nology. In the radio technology areas of communication, radar, electronic warfare, 
and etc., the software radio model proposed by J. Mitola is the target promoted by 
digitalization technique. In the software radio system, A/D and D/A are required to 
approach to antenna as close as possible and the software is used to realize various 
functions on a general platform, emphasizing the programmability and the software 
redefinability. On this basis, the America initiated the SPEAKEASY plan, which 
realized the multimode and multiband speaking among its armed forces. And, the 
joint tactical radio system (JTRS) had been realized in 2010. In the nineties of the 
20th century, Japan and some developed countries in Europe started the research 
and development of the software radio system. In China, software radio system was 
also placed in the “863” high-tech development plan. Accommodating to the devel- 
opment of software radio, the radar community presented such concepts as “digital 
radar” and “software radar”. The wide applications of digital technique in radar 
will be a trend. To bring “digital radar” into realization, the longitudinal topological 
structures of receive and transmit channels in radar should be simplified. The radio 
frequency digitalized transmit/receive technique is an ideal technical means of this 
simplification. 

In new radar system, the transmit and the receive systems should be integrated in 
the design of T/R module form. Further, the integrated design of multiple channel 
digital T/R modules can produce a novel comprehensive radar front-end functional 
module; we call it “digital array module”. The integrated design of digital T/R module 
changes people’s knowledge about the phased array radar that lasting for a long time. 
The digital array module design technique based on optical fiber signal transmission 
can configure large and complex phased array radar in “building block” fashion 
and is characterized by modularization, scalability, easy reconfiguration, and high 
reliability, which greatly improves the agility of radar system. 
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With the developments of high-speed A/D and D/A converter techniques and 
high-speed digital signal processing techniques, the high resolution RF digitalization 
technique has been realized firstly at metric wave band. It is the radar system that 
approaches to the ideal software RF model under the present technical condition. RF 
digitalization is the technical foundation for realizing fully digitalized array radar 
and also an important emerging radar technology. 

Optoelectronics technique has been widely applied for civil communications. 
Optical fiber data transmission technique is getting mature and is used in multi- 
channel, large capacity, and high-speed radar baseband data transmission system. At 
present, the optical fiber transmission technique of above 10 Gbps each channel has 
been used widely. More than ten channels can be integrated into an area of several 
square centimeters, completely meeting the requirements of radar, communication, 
and electronic countermeasure at the present stage. Optical fiber data transmission is 
featured as strong anti-interference capability, long transmission distance, and stable 
data transmission. The applications of optoelectronics technique in radar and so on 
are not only limited in high-speed data transmission, but also the transmission of 
microwave signal, clock signal, and synchronizing signal. The mature applications 
of optoelectronics technique significantly reduce the complexity of large radar system 
and make the interconnections more simple and reliable. Nowadays, the microwave 
and optical signals, which have different physical characteristics, have been fused 
by the advanced radar systems. 

The application of metric wave radar has a long history. The radars in British 
“Home Chain” in WWIL, the large metric wave phased array radars in ballistic mis- 
sile early warning system of the former Soviet Union, and the metric wave multi-static 
phased array in the American naval space surveillance system (NAVSPASUR) show 
that this type of radar has unique feature. For the observation of stealth target, the 
metric wave phased array radar is paid more attention. Starting from improving detec- 
tion range or resolution and angle measurement accuracy, it is necessary to enlarge 
antenna aperture or use multiple disperse metric wave radars to construct large radar 
detection systems. It is required to increase significantly the channel number of the 
transmit/receive system. And the realization of its critical specifications also decides 
the tactical performance of the radar system. In this chapter, the transmit/receive 
system of new metric wave radar will be discussed on the basis of RF digitalized 
transmit/receive technique. 


7.2 Composition and Realization of Transmit/Receive 
System 


7.2.1 Composition of Transmit/Receive System 


In this book, a new type of active phased array radar is introduced, called as “digital 
array radar”. The digital array radar is a fully digitalized array scan radar in which both 
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Fig. 7.1 Transmit/receive system composition of metric wave digital array radar 


transmit DBF and receive DBF techniques are used. The amplitude-phase weighting 
is implemented in digital domain. In general, its transmit/receive system comprises 
RF digital receiver (including A/D conversion), RF digitalized transmitter (includ- 
ing waveform generation), frequency source, and calibration channel, as shown in 
Fig. 7.1. It can be seen that this novel metric wave digital array radar is different from 
the traditional active phased array radar. To what its antenna element corresponds is 
not only an active T/R module, but also a digital T/R module. That is, a T/R channel is 
composed of two parts: analog transmit/receive channel and digital transmit/receive 
channel (including ADC and DDS). And, optical fiber is used as data transmission 
medium. It fuses several types of signals, such as strong microwave signal, weak 
microwave signal, digital signal, and optical signal, representing a new concept for 
the design of radar transmit/receive system. 

The receive channel receives echo signal from active antenna array. In analog 
receive channel, the echo signal is processed by a series of components and devices, 
including the limiter used for protecting the receiver from burn-out or saturation, 
low noise amplifier (LNA), directional coupler and compensation amplifier set for 
built-in-test (BIT), and matched or quasi-matched filter. Under existing technical 
conditions, metric wave radar doesn’t need mixing. The RF signal can be digitalized 
directly. The echo processed by an analog receive channel is sent directly into a 
digital receiver. The analog echo signal is sampled and quantized by high-speed A/D 
converter into the digital signal of specific word length and specific data rate. The 
digital signal after sampling completes RF digital demodulation in special-purpose 
digital down-conversion (DDC) chip or by use of numerical control oscillator (NCO) 
in FPGA to output digital baseband signal. At the same time, for matching with the 
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data rate of the following signal processor, it is often required to extract high-rate 
digital signal and then make digital matched filtering. In general, in order to meet 
system dynamic range, the resolution of an ADC in radar system should be the all- 
important factor to be considered in device selection. Meanwhile, the specifications 
such as the RF bandwidth and the sampling rate should be taken into account as well. 

In metric wave digital array radar, the RF digitalized transmitter is mainly divided 
into four parts: exciting signal generator, matched filter, power amplification chain, 
and circulator (or isolator). The exciting signal generator produces the signal of 
the waveform required for radar by DDS chip. The signal characters, i.e., frequency, 
bandwidth, modulation mode, pulse duration, and etc., can be all controlled by exter- 
nal parameters. The waveform signal from DDS is firstly filtered to complete the 
purification of the transmitting signal and remove those frequency spectrum compo- 
nents that are not needed by the system. The power amplification chain, commonly 
divided into front-stage amplification and final-stage amplification, is the core of 
transmit channel. The development of solid-state transmitter started from the end of 
1960s. Till now, the solid-state transmitter has been used in almost all phased array 
radars and has become one of the mainstream design techniques of modern radar 
systems. The other important part in the transmit channel is circulator, or isolator. 
Its function is to achieve the isolation of transmit channel between receive channel 
and the isolation of the transmit signal between the reflected signal at the port. In a 
phased array radar, the scan of the transmit beam can cause a change of the active 
standing wave of antenna, to which should be paid attention when designing the 
transmit channel. 

The calibration channel is the auxiliary function channel to implement the internal 
and external calibrations in phased array radar. For transmit calibration, it performs 
the function of extracting amplitude and phase information of calibration signal. For 
receive calibration, it generates calibration signal. And the calibration channel can 
also generate the analog target signal and BIT signal used for radar system test. It is 
convenient for test and repair. 

The other important component in transmit/receive system is frequency source, 
sometimes called as frequency synthesizer. Making a high-quality oscillator as fre- 
quency reference, it synthesizes and forms various clock frequencies required for 
radar system through different methods Frequency source is mainly divided into 
three types: direct analog frequency source, phase-locked frequency source, and 
direct digital frequency source. Also, the above three realization methods can be 
used comprehensively to produce all frequency clock signals used in radar system. 
In RF digitalized transmit/receive system, the frequency source is mainly used to 
produce the sampling clock signal, the waveform generation clock signal, and the 
reference clock signal used by radar timer, but the LO signal in heterodyne system, 
which simplifies the design of the frequency source. 
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7.2.2 Realization of Transmit/Receive System 


As mentioned in Sect. 7.1, in the advanced digital array radar, the transmit/receive 
system is no longer an independent system or equipment, but an integrated product 
designed with high integration degree. We call it digital array module (DAM). Its 
typical features are: the transmit channel and receive channel adopt integrated design 
in a certain scale; each transmit channel has independent direct digital frequency 
synthesis (DDS) or digital-analog conversion (DAC) chip and each receive channel 
has independent analog-digital conversion (ADC) chip; all transmit/receive channels 
of this module share a control and data transmission interface, usually a high-speed 
optical fiber module; all transmit/receive channels share unitive clock, LO (without 
LO signal but direct digitalization at metric wave band) and power supply system. 
The benefits of this design are to greatly simplify the external interface of the module 
and make the digital array module more suitable for constructing large phased array 
radar with compact system and strong ECCM capability. Figure 7.2 illustrates its 
operation principle block diagram. 

Based on the above technical features of digital array module, we can propose a 
novel integrated design architecture of transmit/receive system. That is to take the 
form of frequency source + clock distribution net + digital array module to realize 
the integrated design of transmit/receive system as shown in Fig. 7.3. 

In metric wave digital array radar, the transmit/receive system adopting this design 
architecture can lead to the following benefits: 

First, by having the integrated digital array module, the radar can have a simple 
active antenna array, flexible function realization, and strong reconfigurability and 
scalability. 

Second, in metric wave band, the traditional multi-core data transmission line 
is liable to interference due to complex electromagnetic environment and long 
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wavelength. However, the optical signal transmission system is basically interfered 
by microwave signal, so that the radar has stronger ECCM capability. On the other 
hand, the application of photoelectronic technique in radar field significantly reduces 
and gives facilities for system connections, which in turn bridges simple radar struc- 
ture, flexible deployment, and easy and fast set-up/down. 

At last, compared with the sub-array architecture in traditional phased array radar, 
the receiver has higher anti-saturation power. This is because the jamming signal has 
experienced a power combination before entering into low noise amplifier during 
sub-array synthesis and hence increases the difficulty of anti-jamming on the receiver 
end. Digital array radar has no sub-array synthesis. 

In summary, digital array module is the one of the most important parts of digital 
array radar. Its performance determines in a high degree that a digital array radar can 
bring the advantages of full digital system into play or not. Its cost, reliability, and 
manufacturability are also important factors that must be taken into consideration in 
design. 


7.3 RF Digitalized Transmitter Technique 


7.3.1 Requirements of Digital Array Radar on Transmitter 


The transmitter system of digital array radar is a multi-channel system. It can use 
numerous spaced antenna elements to transmit signals, and the power combining is 
realized in space through beam scheduling. This brings great flexibility for trans- 
mitter design and decreases the design requirement on a single transmit channel. 
In transmitter system design, considerations on the relation between the transmitter 
and the phased array antenna should be taken in account and attentions should be 
paid to the influences of the standing wave and loss of the transmission unit at its 
load end. Especially, the influence of the active standing wave of antenna mentioned 
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above should be evaluated. Being the mutual coupling between antenna elements, 
the active standing wave of antenna will present a great change when the transmit 
beam points to a large scan angle. If T/R switch instead of circulator/isolator is used, 
or the isolation of the circulator/isolator is poor, the traction certainly will produce 
on the power amplifier of transmit channel, resulting in changes of the amplitude 
and phase of its output signal with the beam direction. In severe condition, a heavy 
impact will be produced on the transmit pattern and sufficient attention should be 
paid. 

In addition, the correlation between the transmit channels is also noticeable, that 
is, the amplitude and phase consistency between different ways of transmitters (usu- 
ally after calibration). For this, radar should be equipped with relevant amplitude and 
phase monitoring, test, and adjustment device or means. For different transmitters, 
the differences in their operating parameters and characteristics will result in the dif- 
ferences and fluctuations in the amplitudes and phases between their output signals. 
In turn, the similarly amplitude and phase errors will be caused between antenna 
elements. The effects of amplitude and phase inconsistency of the transmitter output 
signals will be discussed hereafter. The relative errors of amplitude and phase distri- 
bution of antenna array caused by the amplitude and phase inconsistency will deflect 
the transmit beam direction, widen the transmit antenna mainlobe, and increase the 
sidelobe level of transmit antenna. 

Take the linear array shown in Fig. 7.4 as an example. The linear transmit array 
has N elements that are fed by N transmitters. Set n to be sequence number of 
channel, n = 1,2,3---(m — 1). For simplification, assume the transmit antenna 
array to be a uniform array. The amplitude and phase errors of the output signal from 
each transmitter are Aam and Ad@,, respectively, where Aap is the relative amplitude 
fluctuation after normalization, Aam < 1. 

The influences of amplitude and phase errors on antenna pattern are explained 
here. To further simplify computation, assume the pattern of antenna element is 
nondirectional, equal to 1. For a linear array with N elements, when the amplitude 
and phase errors of element are Aam and A@,, respectively, the pattern computation 
formula is 


N-1 
F(@) = > a ae Aa; eli 4 sind— ¥ d sin 8g)+ Agi] (7.1) 
i=0 


To confirm the maximum permissible values of amplitude and phase errors 
induced by each transmitter, it is necessary to perform this computation in designing 
transmit system. There are many factors to produce the amplitude and phase errors 
between transmitter channels, summarily they are: 


(1) The inherent fluctuation between transmitter channels. The amplitude error in 
Aan is determined by the fluctuation of the final-stage power amplifier of trans- 
mitter. The dominant initial phase error can be eliminated by calibration. The 
residual is called as “phase calibration residual”, usually it determines the phase 
error between transmit channels under radar operation state, Ad. 
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The amplitude and phase errors of the feed lines (including calibration net- 
work, feed cable, and etc.) in transmit channel. The values of the amplitude and 
phase inherent errors can be obtained by test and modified in beamforming. The 
instrument test accuracy error is often small and thus the subordinate factor. 
DDS phase shift accuracy error. In digital array radar, the transmit system adopts 
digitalized transmitters, each transmitter corresponding to a DDS. Digital direct 
synthesis is used to produce the RF waveform signal required by radar. Channing 
the initial phase of the DDS output signal achieves the phase shift of the transmit 
signal. The phase shift accuracy is greatly higher than that of the traditional 
phase-shifter, up to 16 bits phase shift accuracy. This is also a subordinate 
factor. 

The amplitude and phase errors produced by the overlapping of jamming signal 
and desired signal in complex electromagnetic environment. In metric wave 
band, there is heavy electromagnetic interference inside or outside radar system 
due to complex environment, which will make the calibration signal and even 
the transmitting signal impure, and also produce the amplitude and phase errors 
between transmit channels. Additionally, there are many uncertain factors that 
cannot be predicted and computed. In a word, this problem should be resolved 
by strengthening electromagnetic compatibility design and filtering design at 
the scheme phase or design phase, because the measures are highly limited that 
can be taken at the production phase. Therefore, special attentions should be 
paid during radar system design. 
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Fig. 7.5 Composition of RF digitalized transmitter 


7.3.2 Realization of RF Digitalized Transmitter 


With rapid development of semiconductor technology, nowadays RF digitalization 
can be realized in UHF band, VHF band, and even P band and L band, greatly reduc- 
ing the equipment amount of radar transmit/receive channel. The RF digitalized 
transmitter is the typical feature of transmit/receive system of digital array radar. 
It is mainly composed of RF exciting signal generator (including DDS, filtering, 
and amplification), power amplification chain, and circulator (or isolator). The com- 
position block diagram of a single-channel RF digitalized transmitter is shown in 
Fig. 7.5. 


7.3.2.1 RF Direct Digital Frequency Synthesis Technique 


Modern radar system requires a transmitting signal to have high frequency stability, 
large output dynamic range, good output frequency response, modulation function, 
and high frequency spectrum purity. Also it is required that the frequency, phase, and 
amplitude are all programmable controlled. Traditional analog signal source cannot 
meet these requirements. In the early of 1970s, American scholars J. Tiemey, C. M. 
Rader, and B. Gold firstly proposed a new frequency synthesis principle that uses 
full-digital technique and starts from phase concept to directly synthesize the required 
waveform, called as direct digital frequency synthesis (DDS). The DDS technique 
gets the advantages of high frequency resolution, fast frequency switching speed, 
continuous phase, and high frequency stability. It provides a new drive for modern 
radar technology. Thanks to high frequency agility speed, high frequency resolution, 
phase continuity in frequency switching, ability to output wideband orthogonal sig- 
nal, and single-chip integration, DDS technique gets fast development and more and 
more applications. 

DDS has two obvious defects due to its synthesis theory: the output frequency 
signal one has large spurious and the bandwidth of the output signal is limited. There- 
fore, researching the DDS chip with high operating clock frequency and excellent 
spurious performance becomes a development direction of DDS technology. The 
large DDS output spurious is resulted from the phase truncation error in signal syn- 
thesis process, the D/A converter quantization error, and the nonlinearity of D/A 
converter. 

With the development of super high-speed GaAs devices, the DDS output band- 
width limitation is overcome gradually. But the spurious is determined by the 
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Fig. 7.6 Block diagram of DDS operating principle 


characteristics of DDS itself, so it will become an important factor limiting the appli- 
cations of DDS technology. When J. Tiemey et al. firstly proposed the DDS concept, 
they gave some statistic analysis results of frequency spectrum characteristics. Also, 
theory presented two major methods for low-spurious DDS design: single-quadrant 
sine wave storage and modified table look-up algorithm. Subsequently, the table look- 
up algorithm developed by Sunderland et al. is a very effective compressed storage 
and table look-up method, called Sunderland structure. Using single-quadrant sine 
wave storage structure and improved Sunderland structure, Nicholas et al. designed 
and developed a high-performance DDS with excellent spurious performance and 
high clock frequency. After that, Oleary proposed a modified DDS structure by use 
of noise shaping, effectively improving output frequency spectrum performance. In 
1994, Harris et al. suggested to use noise feedback to reduce the error created by 
waveform table D/A converter quantization. Nowadays, the individual techniques 
for DDS chip are getting mature. Figure 7.6 depicts its operating principle. 
Theoretically, DDS can generate arbitrary signal waveforms. That is, DDS tech- 
nique can perform direct modulation on the one, two, or three of the generated signal 
waveform parameters (such as frequency, phase, and amplitude). Taking frequency 
modulation as an example, for a DDS system, its output frequency is given by 


fi clock 
2n 


Sout = k x (1.2) 


where, k is frequency control word, feiock is input clock frequency into DDS, and n 
is the bit number of phase accumulator. 

For a given DDS, the bit number of phase accumulator is a fixed value. Once the 
input clock frequency is set, its output frequency varies with control word k. So that, 
only making the frequency control work k change as the rule of modulation signal 
can realize the required frequency modulation signal. At the same time, the accurate 
phase control of the output signal can be achieved via the digital adder between the 
phase accumulator and the sine function table. 

For the ideal DDS model, the output signal passing through the DAC can be 
expressed as 
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So the frequency spectrum obtained through Fourier transform of ladder wave 
s(t) is 
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It can be seen from expression (7.4) that the ideal DDS output spectral line only 
locates at wo + lwc, where, l = 0, 1,2---. And, all of the spectral lines fall into the 
envelope S a( Bier), Figure 7.7 depicts the ideal DDS output frequency spectrum. 

From Nyquist sampling theorem, we know that, if want to recover the ideal wave- 
form, the output frequency cannot exceed f,/2. Beyond f./2, the Ist order image 
frequency will fall into the Nyquist bandwidth, i.e. the range from DC to f,./2. The 
sin(x)/x envelope brought from aperture distortion causes the DDS output amplitude 
to drop down several decibels in Nyquist bandwidth. So some DDS chips include 
a predistortion filter featured as x/ sin(x). It has the ability to limit DDS output 
amplitude fluctuation within +0.1 dB. 

When / = 0, the output of the ideal DDS is the required fundamental frequency 
signal. It has the T eom amplitude among all the spectral lines, and the value can 
reach up to z Sa(Ë A *7r). And we note that there is no spectral line at n fe. 

In RF digitalized transmitting system, on the basis of system requirement, DDS is 
needed to generate the RF signal with specific modulation, pulse width, bandwidth, 
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Fig. 7.7 Output frequency spectrum of ideal DDS 
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phase, and frequency. This leaves out the mixing step in the traditional transmitting 
channel, achieving a simpler channel design. In designing multi-way transmitting 
channels in digital array radar, what should be paid attention to is the synchronization 
of the output signals of multi-channel DDS. To realize the transmit beamforming in 
space, it should be ensured that the relative phases of the transmitting signals in 
individual channels are stable. Here, it is not required that the phases of individual 
channels hold absolute consistency. These fixed phase differences along with the 
phase differences in analog channels can be eliminated by system calibration. On 
the side, the importance should be attached to: because of the quantization precision 
problem existing in the accumulator stepping, when completing long pulse width 
waveform design, more accumulating times is needed. It is easy to enlarge the errors 
introduced by rounding to unacceptable degree. At this time, properly changing the 
step-span can limit the total amount of accumulative errors in an acceptable range. 


7.3.2.2 Solid-State Transmitter Technology in Digital Array Radar 


The transmitter that requires phase correlation is a master oscillator power amplifier 
(MOPA) transmitter. The active devices of the power amplifier can be the vacuum 
devices or the transistors. If the transistors are used, the transmitter is called as solid- 
state transmitter. Here, the emphasis is paid on the introduction to solid-state trans- 
mit amplification chain. Generally, it consists of front-stage amplifier, middle-stage 
amplifier, power divider, final-stage amplifier, power combiner, directional coupler, 
and circulator. As for a transmitter requiring harmonic suppression, its output end 
often has harmonic filter. The equipment amount can be properly reduced depending 
on practice equipment requirement. 

Transistor is the heart of an amplifier and thus, it is necessary to make a brief 
description about it. 

Transistor can be divided into two types: bipolar junction transistor (BJT) and field 
effect transistor (FET). The field effect transistor was invented by Shouey, Bardeen, 
and Britain in 1948. It is one of the semiconductor devices that are most widely 
used in radar field. At present, below S band, what has been widely used is Si BJT. 
BJT is a PN-junction device, formed by back-to-back junctions. It is a three-terminal 
device, may be PNP or NPN. For application at higher frequencies, NPN structure is 
preferable. This because the operation of the device depends on the diffusion ability 
of minority carrier to pass through the base region. The electron often has better 
migration characteristic than cavity, so the NPN structure is used. 

In 1930, Lillienfeld brought forward the basic concept of field effect transistor 
(FET). Schokley invented the bipolar transistor in 1948 and presented the concept of 
FET in 1952. FET belongs to voltage-controlled device and it differentiates from BJT 
in conductive mechanism. Crystal triode is a current-controlled device and its con- 
ductive mechanism is contributed by majority carrier and minority carrier together, 
thus called as bipolar transistor. But the physical structure of FET is a whole piece 
of semiconductor material (like Si or GaAs). When its current path (also referred as 
conductive channel) is effected by external-applied voltage (electric field), only one 
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type of carrier acts. Different in physical structure of grid, the FET has three basic 
types: 


(1) Junction field effect transistor (JFET); 
(2) Metal semiconductor field effect transistor (MESFET); 
(3) Metal-oxide-semiconductor field effect transistor (MOSFET). 


Limited by manufacturing process, JFET usually is used in low-frequency circuit, 
as the component in low-frequency amplifier or switch-controlled circuit. MESFET is 
commonly used at the higher frequencies of microwave frequency band, for example, 
the GaAs MESFET currently in wide use can operate at millimeter wave. 

MOSFET was initially used in digital integrated circuits. With the rapid devel- 
opment of transistor fabrication technologies and the continuos improvement of 
MOSFET fabrication and machining technologies, the operating frequency and out- 
put power of MOSFET are increased continuously. At the frequencies below S band, 
the output power of MOSFET has the trend towards exceeding BJT. Especially at the 
lower end of UHF band, VHF band, and short wave band, MOSFET power devices 
have very fast developments, while BJT technologies still hold in previous technical 
state. 

The input and output impedances of microwave power transistor are often very 
low and include considerable reactance part. And the impedances will get lower 
with the output power increasing. To achieve the maximum transmission power, 
these impedances must be changed to 50 Q, i.e., it is required to design impedance 
matching circuit. A proper impedance matching network not only can realize in-band 
optimal power transfer efficiency and reduce power loss, but also has additional func- 
tions, such as reducing noise interference, increasing power capacity, improving fre- 
quency response linearity, and etc. Thus the key factor of microwave power transistor 
amplifier design is impedance matching. That is, it is needed to achieve the conjugate 
matching of the input impedance of transistor amplifier and the inner impedance of 
signal source, the conjugate matching of the output impedance of transistor amplifier 
and the load impedance, and the conjugate matching of output impedance of front- 
stage transistor and the input impedance of back-stage transistor. If a high power 
transistor is needed, it is preferable to choose the device with high operating voltage. 
Due to high operating voltage, it has high output impedance accordingly, easy to 
achieve matching. In addition, if the operating voltage is high, its operating current 
is relatively low. The DC feeding loss will go down and the thinner wire can be used 
for DC feeding. Finally, under equivalent power, the high-voltage and small-current 
switching PS is easier to realize with lower cost than the low-voltage and big-current 
switching PS. Figure 7.8 gives the block diagram of a power amplifier. 

The specifications of a power amplifier include operating frequency range, power, 
gain, gain flatness, Piag gain compressing point, efficiency, harmonic, spurious, and 
etc. The major specifications of a power amplifier will be discussed hereafter. 
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Fig. 7.8 Block diagram of power amplifier 


(1) Operating frequency band 


The operating frequency band means the frequency range operating in which an 
amplifier can meet its all specifications. The actual operating frequency of an ampli- 
fier could be beyond the defined operating frequency range. 


(2) Output power at 1 dB compressing point, Piag 


When the input power is small, there is a linear relation between the output power 
and the input power. The gain is referred as small signal linear gain, Go. When the 
input power reaches a certain vale, the power amplifier will be saturated, as shown 
in Fig. 7.9. The power at the time that the output power falls 1 dB below the output 
power of the ideal linear amplifier is called as 1 dB compressing power, denoted 
by Pigg. The gain at the 1 dB compressing point is marked as Gi4g, then we have 
Giasp = Go — 1 dB. Generally, both power amplifier and transistor use Pigg to 
present their power output capabilities, making dBm as its unit. The relation of Piag 
and input power is 


Pias = Pinas) + Go — 1 (7.5) 
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(3) Gain 


Power gain usually means the ratio of the measured output power Pout and input 
power P;, when both signal source and load are 50 Q, denoted by dB. 


Pou 
G(dB) = 10log B (1.6) 


in 


In designing power amplifier, the specifications related to gain also include gain 
flatness, gain stability, and out-band suppression. There is a bandwidth requirement 
for the most of power amplifiers and it is required that the gain of power amplifier 
maintains consistency within a given frequency bandwidth. Gain flatness means the 
fluctuation of gain within the operating frequency band, and is usually expressed by 
the difference of the highest gain and the lowest gain: 


AG(dB) = Gmax — Gmin (7.7) 


The gain flatness explains the magnitude of power amplifier gain changing within a 
frequency range, while the gain stability characterizes the stability of power amplifier 
gain changing with temperature and environment under normal condition. The out- 
band suppression reflects the suppression degree of power amplifier suppressing 
out-band signal. 

On the other hand, in pulse radar, what the power supplying system commonly 
provides for the power amplifier is the average power of the transmitting signal. Then 
the energy storage capacitor should be added to the power supplying system so as 
to compensate for the changes in the transmitting pulse drop when the transmitting 
pulse width increasing. The energy storage capacitance necessary for the transmitting 
channels can be calculated by 


Ipxt 
C = 
d - Vcc 


(7.8) 


where, Ip is the peak current, t is the pulse width, d is the voltage drop, and Vec is 
the operating voltage. 


(4) Power efficiency and power added efficiency 


The power efficiency of power amplifier means the ratio of the RF output power of 
power amplifier and the DC power provided for the transistor, i.e. 


Pout (7 9) 
ne = > 
7 Poc 


It reflects the capability of power amplifier transforming DC power into RF power. 
In the design of power amplifier, considering the influence of gain, the power added 
efficiency (PAE) is defined to be ratio of the difference between the output power 
Pout and the input power P;, of power amplifier and the provided DC power. That is, 
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Pout = P; 
PAR Ss (7.10) 
DC 


PAE is an important parameter of power amplifier. It reflects not only the capability 
of power amplifier transforming DC power into RF power, but also the capability of 
power amplifier amplifying RF power. 


(5) Intermodulation distortion 


Intermodulation distortion is the mixture components produced after two or multiple 
input signals of different frequencies passing through the power amplifier. It results 
from the nonlinearity of power amplifier. Assume that there are K input signals, and 
their frequencies are fi, fo,--- fg respectively. After passing through power ampli- 
fier, the output components include many mixture components due to the nonlinearity 
of power amplifier: 


mf, Enfy+--- pf, wherem,n,---p=0,1,2--- (7.11) 


These components are called as (m +n-+--- p) order components respectively. 
The stronger the nonlinearity of power amplifier is, the bigger the intermodulation 
components are. The magnitude of an intermodulation component can be denoted 
by intermodulation coefficient. If there are K equal amplitude signals, (m + n) order 
intermodulation coefficient can be expressed by 


Pm+n Pm+n Paan 
IMm+n = 10 log(——) = 10 log( y)=--- = 10log( ) (7.12) 
Pi Pz Px 
where, Pi, P2, --- Px correspond to fundamental powers, respectively, Pm+n 1s (m + 


n) intermodulation power, I Mm+n is measured by dBc. If the input signals into the 
power amplifier are equal-amplitude signals, among the above components, the ratio 
of the component with frequency of 2 f; — fi+ı or 2fi+ı — fi and the fundamental 
component with frequency of f; or fi+ı is called as third-order intermodulation 
coefficient Z M3. Similarly, the ratio of the component with frequency of 3 f; — 2 fi+1 
or 3 fi41 — 2 f; and the fundamental component with frequency of f; or fj is called 
as third-order intermodulation coefficient I M5. 


(6) Harmonic distortion 


When the number of input signals increases to a certain degree, a series of harmonic 
waves will be generated due to the nonlinearity of power amplifier. For narrowband 
power amplifier, these harmonic waves are not located in the passband generally and 
can be filtered out easily by filter. For wideband power amplifier, these harmonic 
waves could fall into the passband. It is difficult to filter away them. The harmonic 
distortion is computed by 


Pou n 
HD, = 10 log “2 (7.13) 
Pout (fo) 
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where, H D, is n-order harmonic distortion, Pout f) is the output power of funda- 
mental signal, and Po,;(n/)) is n-order harmonic output power. Harmonic suppression 
is the specific value of fundamental power and harmonic power. 


(7) Input/output standing wave ratio and echo loss 


Input/output standing wave ratio is a key indicator that must be taken into considera- 
tion in microwave power amplifier. Both the input impedance and output impedance 
of power transmitter are small, presenting a big mismatching with the 50 Q system. 
When the mismatching is severe, the instantaneous RF voltage or current at the out- 
put end of power amplifier could go beyond the rated value one-fold, causing the 
power transistor to be damaged. And the input/output standing wave ratio will also 
make the gain flatness and group delay of the system poor. 

It is easy to measure the reflected power by the use of microwave instruments, 
so that, in the microwave frequency band, the echo loss is often used to represent 
the port matching. The echo loss means the specific value of the reflected power and 
the incident power, measured in dB. The relation between the echo loss p, and the 
standing wave ratio p can be expressed as: 


p-l 
x = 201g(—— 7.14 
p er? (7.14) 


The modulus of reflection coefficient is 


ine (7.15) 
~ p+i 


From (7.13) and (7.15), we can obtain the equivalent values between the standing 
wave ratio, echo loss, and reflection coefficient. 


(8) Stability coefficient 


The internal feedback of RF power amplifier will cause instable operation perfor- 
mance, even self-oscillation. To measure the stability of amplifier, the stability coef- 
ficient K is introduced. 


gadal = Bar +14? 
2|Si2S21| 


(7.16) 


where, 
A = 811S22 — S1221 (7.17) 


And we obtain the conditional expressions of RF power transistor being absolutely 
stable as: 


K>1 (7.18) 
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When the three conditions are satisfied simultaneously, the amplifier is stable 
absolutely. That is, whatever values the source impedance Zs and the load impedance 
Z, are, the amplifier can work stably. 


7.3.2.3 Stability Requirements on Transmitting in Digital Array Radar 


In digital array radar, besides the conventional specification requirements mentioned 
above, the amplitude and phase stability of transmit branch is also a key factor that 
affects the tactical and technical performance of a radar system. It is necessary to 
explain that the amplitude and phase stability of a transmit branch here means the 
specification requirement on not only the solid-state transmit power transistor, but 
also the whole transmit channel including the exciting signal generation, filtering, 
amplification, and etc. 

In the moving target indication (MTI) mode, a basic requirement on the transmitter 
is that the transmitting signal should have high amplitude and phase stability pulse- 
to-pulse. If the RF output signal of transmitter presents instable amplitude, phase or 
frequency, trigger pulse time jitter, and instable pulse width between adjacent pulses, 
the echoes from the stationary targets cannot be cancelled completely. This limits 
the performance of coherent MTI system. MTI performance is generally denoted by 
the improvement factor 7’. I’ is defined to be 

7 
= Sol Co = Soca (7.21) 
Si/C; Si 


In the formula, CA = a is called as the clutter suppression degree or cancellation 


ratio, and is the ratio of the input clutter power C; and the output clutter power C’, 
of cancellation. S,/S; is called as signal gain and is the ratio of the average power of 
the output signal of cancellation across all the possible target speeds and the input 
signal power. S, taking average value is because the cancellation system has different 
responses to different Doppler frequencies and the target speeds distribute in a certain 
range. The limits of the instable factors of transmitter to the MTI improvement factor 
are given in Table 7.1. 

In addition, the amplitude and phase instable factors will also have effects on the 
amplitude and phase consistency between the transmitting channels, and further on 
the shape of the transmit pattern. Of course, here we mean the inconsistency of the 
amplitude and phase variations between the transmitting channels. The transmit sta- 
bility is resulted from many causes, for example, temperature, vibration, clock signal 
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Table 7.1 Influences of : Instable factors between Limits to improvement factor 
instable factors of transmitter ulses 
on MTI improvement factor E 
Phase instable I' = 201g 1 
Oy 
Amplitude instable I’ = 201g 4 
oA 
Trigger pulse instable I =201e — 
=A E Tei 
RF pulse width instable I’ = 201g = 
Or 
Transmitting pulse frequency | 7/ — 20]g _v3t 
instable 8 Ont); 


jitter, and discreteness of devices. In general, radar is unable to make continuous cal- 
ibration, thus the influences of these instable factor of the transmitting branch should 
be put under “calibration residue” and could produce error accumulative effect with 
time. Sufficient considerations should be given in the system design and validation. 


7.4 RF Digitalized Receive Technique 


7.4.1 Features and Composition of Advanced Metric Wave 
Radar Receiver 


The advanced metric wave radar receiver is based on the mature realization and 
successful applications of the wideband RF digitalization techniques of software 
radio and recognitive radio. According to the idea of software radio, ADC sampling 
digitalization should approach to the output end of antenna element as close as 
possible, and for the best, should be just behind the antenna port so as to construct 
a universal open radar hardware platform by the use of wideband RF digitalized 
system. Among the traditional receivers, there are zero-IF receiver, low-IF receiver, 
and superheterodyne receiver. Currently, wideband RF direct sampling receiver has 
been developed. In metric wave radar, because of low carrier frequency and fast 
development of ADC devices, high resolution RF signal direct digitalization can be 
realized today. And, through variable sampling rate, sampling without blind zone 
can be carried out. The RF digitalization techniques based on software radio mainly 
include wideband RF signal direct processing technique, digital direct frequency 
synthesis technique, digital quadrature demodulation technique, and multi-rate signal 
processing technique. The block diagram of the basic compositions and the functions 
of advanced metric wave radar is shown in Fig. 7.10. 

In the frequency band of metric wave radar, there are strong signal interferences 
resulted from broadcasting, television and mobile communications. To prevent RF 
front-end channel from saturating, a pre-selection filter or an antenna/feed filter is 
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Fig. 7.10 Block diagram of basic composition and function of advanced metric wave radar 


needed to filter out the strong out-band jamming signals and preserve the wanted 
signals. The pre-selection filter locates at the first stage of receiver and has direct 
effect on the noise figure of the whole receiver RF front-end. Considering the system 
linearity requirement, there should be no active components in the pre-selection filter. 
For highly integrated DAM module receiver design, which requires low insertion 
loss, easy realization, small volume, and no special superior out-band rejection, the 
passive LC filter can be adopted. For the case of low insertion loss, superior out-band 
rejection, and no strict volume limit, the cavity passive filter can be used. 

In the radar with a duplex antenna, a circulator is used to achieve the transmitting 
and receiving isolation. To protect the receiving low-noise amplifier from damaging 
by the transmitting leakage power and the external strong jamming signals, it is also 
required to add a switch limiter before the low-noise amplifier. Microwave switches 
include PIN diode switch, Schottky diode switch, FET switch, and MEMS switch. 
Monopole double throw switch is often used in radar to prevent the power transistor 
in transmit branch from damaging by the reflected transmitting power under the 
off-state. The limiter is divided into active limiter and passive limiter. The former 
acts depending on the external control signal, while the later works depending on 
self-detection of RF signal. The switch limiter can be designed to be a hybrid switch 
limiter in which the active synchronous limiter prevents from the transmitting leakage 
power entering into the receiving front-end to burn it out during transmitting and the 
passive limiter protect the receiving front-end from damaging by the asynchronous 
signals from the neighbour radars or strong interference sources during receiving. 

The low noise amplifier in RF front-end determines the noise figure of the digi- 
talized receiver system cascade. To decrease the influences on the post-circuits, the 
low noise amplifier should not only meet the requirements of the dynamic range of 
the system and its stability, but also have gain as high as possible. In metric wave 
radar, to ensure that it is not easy to saturate under interference, its output 1 dB com- 
pression point should be set as high as possible. On the other side, the feedline and 
the insertion losses of the circulator, filter, and switch limiter before the low noise 
amplifier should be controlled as low as possible. In designing RF front-end, there- 
fore, it is needed to choose good devices and make a comprehensive consideration 
of their parameters (gain, loss or standing wave) and positions based on the technical 
specifications of the radar system and the receiving system. The microwave GaAs- 
FET low noise amplifiers based on MMIC have been found wide applications in the 
receiver RF front-ends of various radars. The modified GaAsFET—the high elec- 
tron mobility transistor (HEMT) or the heterostructure field effect transistor (HFET) 
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appeared in 1990s. It has lower noise figure, higher gain and operating frequency 
and is compatible with MMIC. Nowadays, it dominates the low noise amplifiers in 
microwave band and millimeter wave band. 

The ADC input bandwidth of RF digitalized receiver is wide generally and the 
sampling rate of high resolution (> 14 bits) ADC is not beyond 500 MHz commonly. 
To achieve direct sampling of RF signal in metric wave band, bandpass sampling or 
under-sampling must be adopted. Thus analog anti-aliasing filter is needed to reject 
the interferences or noises from other Nyquist frequency bands, avoiding the effects 
of interference aliasing or noise folding on the output S/N ratio. For sampling without 
blind zone and decreasing the number of the jamming signals entering into the fol- 
lowing circuits, the anti-aliasing filter is realized currently using electrically tunable 
filter or switch filter. The switch filter is realized by paralleling the filters in different 
frequency bands and gating via switch. As viewed from integration level and rect- 
angle coefficient, the switch filter in metric wave radar is realized usually by SAW 
switch filter. The other anti-aliasing filter of RF digitalized receiver is the widely used 
electrically tunable filter, including current-type YIG electrically tunable filter and 
voltage-type varactor electrically tunable filter. As viewed from simpleness, minia- 
turization, and performance specifications, the varactor electrically tunable filter is 
preferred for the anti-aliasing electrically tunable filter in metric wave radar. Cur- 
rently, a series of metric wave band electrically tunable filters produced by American 
PoleZero Company are excellent in performance specifications, volume, and weight, 
but costly. In China, there are electrically tunable filters based on GaAs varactor 
process, with similar performance specifications. The measured specifications and 
picture of an example product is given in Fig. 7.11. In addition, the electrically 
tunable filters based on Si cavity MEMS filter grow up gradually in recent years. 
Significant improvements are expected in volume and weight (Si based chip), per- 
formance specifications (e.g. rectangle coefficient), temperature characteristic, and 
cost. 

ADC devices are the foundation and precondition of software radio, RF digital- 
ized receiver, and future recognitive radio. ADC has different realizing architectures 
depending on different demands of speed, resolution, and bandwidth, including flash 
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Fig. 7.11 An electrically tunable filter based on GaAs process made in China 
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Fig. 7.12 SNDR and bandwidth distribution diagram of ADC devices 


ADC, pipelined ADC, folding ADC, SAR ADC, Delta-Sigma ADC, time inter- 
leaved ADC, SCA/ADC, and so on. The main companies designing ADC include 
TI, ADI, E2V, Intersil, Linear Technology, Maxim, IDT, and No. 24 Research Insti- 
tute of CETC. Professor Murmann of Stanford University collected the materials 
about ADC devices from 1997 to 2014 and gave the distribution diagram of the 
operating bandwidths and output SNDR indexes of different realizing architectures, 
as shown in Fig. 7.12. Metric wave radar operates in low frequency band and has 
no very strict bandwidth requirement, but suffers from severe interferences, which 
put forwards a high requirement on the instantaneous dynamic range of ADC. Thus 
high ADC sampling rate and resolution are required. At the same time, for digital 
array radar, considering its improved high integration level, multi-channel parallel 
high-resolution RF direct sampling ADC must be used. 

RF digitalized receiver needs digital quadrature demodulation and multiple sam- 
pling rate signal processing to acquire the baseband complex signal matching with 
the transmitting signal, for use in the following signal processing, analysis, and tar- 
get detection. Removed analog frequency conversion, the frequency conversion and 
filtering of RF digitalized receiver are done in digital domain. On the other hand, 
to accommodate different bandwidths and sampling rates of different systems and 
possible number of channelized channels, digital quadrature demodulation and mul- 
tiple sampling rate signal processing need to build a universal digitalized IF signal 
processing platform. By setting the external controlled parameters, the real-time allo- 
cation of digital resources can be realized to adapt different system requirements. 
The devices commonly used to build this universal digitalized IF signal processing 
platform are the FPGA devices produced by Altera and Xilinx. Another approach 
is to use high performance multi-core DSP chips. The BWDSP 100 multi-core DSP 
chip designed by China can be use to construct this universal digitalized IF signal 
processing platform. Figure 7.13 shows a picture of the universal digitalized IF signal 
processing platform based on BWDSP 100 multi-core DSP chip. 
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Fig. 7.14 Single-fiber bidirectional 2.5 Gbps optical module 


The RF digitalized receiver of metric wave radar is usually placed on antenna 
array and multiple receiving channels are integrated into a receiver module. High 
digital signal data rate and long distance from signal processing unit require high 
speed optical transmission technology to transfer multiple channels of high speed 
digital signals to the signal processing unit. Thanks to rapid developments of opti- 
cal transmission technology and devices, there are mature products with 10 Gbps 
(single-channel) and 6.5 Gbps (12-channel integrated/single-channel) and the opti- 
cal modules with various wavelengths and connection modes. Figure 7.14 shows the 
pictures of a single-fiber bidirectional 2.5 Gbps optical module developed by No. 44 
Research Institute of CETC. 


7.4.2 Receiver Noise 


Noise is the major factor to limit receiver sensitivity. Receiver noise is mainly com- 
posed of resistor noise, antenna noise, and the noise of receiver itself. According 
to Nyquist theorem, the resistor in circuit will produce open-circuit thermal noise 
voltage V, at the temperature T (K). 
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V, = J4kT RB, (7.22) 


where, k is the Boltzmann constant (1.380658 x 107? J/K), Ris the resistance (Q, 
and B, is the receiver bandwidth (Hz). When the open-circuit voltage is applied to 
the matched load, the effective noise power is 


P, = 4kT B, (7.23) 


The receiver noise is partly the thermal noise of resistor and also includes the 
noise produced by other active devices. They have the same spectrum and probability 
characteristics as the thermal noise, so that they are expressed by the thermal noise 
temperature. 


T, = P,/4kBn (7.24) 


For the convenience of computing signal noise, the output noise of system is 
viewed usually from the input. This is done by defining the system noise temperature 
T; (K). 


kT, Bn = no/ Go (7.25) 


where, Go is the effective gain of system, B, is the system noise bandwidth, Pho is 
the system output noise power, T, is the system noise temperature converted at the 
output end, and the product of kT; B,, is the system output noise power converted 
at antenna input end. The antenna, transmission lines, receiver of the radar form a 
cascade system. For a cascade system of N stages, the system input noise temperature 
taking antenna as the system input end can be expressed by 


N 
Bons pe (7.26) 
s — a G * 


i=1 


T; is the antenna noise temperature, 7.(;) represents the equivalent noise temper- 
ature converted at the ith stage input end, and G; is the effective gain between the 
system input end and the ith stage input end. 

Antenna noise temperature includes the noise formed by the external electromag- 
netic waves received by the antenna and the thermal noise produced by the antenna 
resistor components. It depends on the noise temperature of various noise sources 
within the receiving antenna beam. When the beam is full of the noise sources of the 
same temperature, the antenna noise temperature is independent of the antenna gain 
and beamwidth, but dependent upon the space angle weithed average of the noise 
temperatures of all noise sources within the receiving antenna beam. In metric wave 
radar, especially the radar at lower metric wave band, its antenna suffers from strong 
noise mainly resulted from the solar noise and galactic noise. The big sources are 
the Sun and the center of Galactic System. 
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Fig. 7.15 Block diagram of an equivalent generalized radar receiver cascade for system noise 
temperature computation 


When antenna beam points to the Sun or the center region of Galactic System, 
radar background noise has big effect on system noise temperature. At this time, 
spatial nulling can be considered to suppress antenna interference. 

The receiver is a multi-stage transmission network and any stage of the receiver 
will produce noise. Define T, to be the noise temperature of its internal noise con- 
verted at its input end, then the effective noise power of the internal noise converted 
at the input end, P, (the receiver bandwidth is B,.), is 


P, =kT.B, (1.27) 


So an equivalent generalized noise temperature of radar receiver can be denoted 
to be 


T, =T, +T, + L-T, (1.28) 


The block diagram of an equivalent generalized radar receiver cascade is given in 
Fig. 7.15. 

Noise temperature is often used in radar system analysis and receiver design. The 
engineering define is: if a linear two-port net has determinate input end and output 
end and when the input end source impedance is at 290 K, the specific value of input 
end SNR and output end SNR is defined to be noise figure of this net. Its explicit 
physical meaning is that the noise figure of the net is the degrading times of output 
signal SNR with respect to input signal SNR of the net. Using S; /N; to represent the 
input SNR of receiver and S,/N, to represent its output SNR, the noise figure, NF, 
is defined as 


yr- oN -_ No — Noo + Nro GN GN ENG 2g Fe 
“S/N; GN. GN ~~ GN, N T, 
(7.29) 


where, G is the gain of receiver, N; = kT oB is the input noise power of antenna noise, 
and N, = kT eB is the noise power of receiver output noise power converted at input 
end. So that the magnitude of noise figure is independent of signal power, but lies on 
the ratio of input noise power and output noise power. 
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In general, a receiver is composed of multiple stages of amplifiers, mixers, and 
filters. The noise figure or noise temperature of cascade circuit is determined by (G 
is the inverse of amplifier gain or mixer/filter loss) 


NF -1 NF;—-1 NF, -1 
NF, = NF, + — : ma ae (1.30) 
Gı GıG2 G,G2---Gy 
merg alee Ta} (7.31) 
aaa aa g GiG GGG) 


The noise figure is defined under the source temperature being the standard tem- 
perature Tọ = 290 K. For example, when the noise figure of receiver is 3 dB, the 
noise temperature of the receiver converted at input end is 290 K. When a radar is 
in operation, the source/antenna noise temperature T, is generally not the standard 
temperature. At this time, the actual noise temperature corresponding to the receiver 
noise figure converted at the input end of receiver is 


T, = (NF — 1)T, (7.32) 


Thus, in practical operation, the above expressions and (7.32) are used to calculate 
the noise temperature of the radar cascade receiving system, T, and its effect on radar 
system. 

RF digitalized technology is used to realize metric wave radar receiver, so the 
calculation of the noise figure of RF digitalized receiver system should take the 
influences of the noise or noise figure of ADC and the following digital signal pro- 
cessing into account. The block diagram of noise analysis principle of RF digitalized 
receiver system is illustrated in Fig. 7.16. 

Assume that the equivalent output noise power of ADC is N 4pc, the noise is band- 
limited noise, and the anti-aliasing filter before ADC can ensure no ADC sampling 
folded noise entering into ADC, then the output noise of ADC, N,, is 


Ns = No + Napc (7.33) 


So the noise figure of the system after cascading is 


Fout 


Niq 


Fig. 7.16 Block diagram of noise analysis of RF digitalized receiver RF front-end Multi-rate digital 
signal processing 
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Ns N, +N N 
= + Napc -NF+ ADC 
GN; GN; GN; 


NF; = 


Let M = N,/Napc, Substituting into the above expression, we have 


1+M 


NF, = vF( ) = NF + 10lg(1+M) — lg M(dB) 


That is, the degradation of ADC on noise figure is 


ANF = 10lg(1+ M) —lg M(dB) 
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(7.34) 


(7.35) 


(7.36) 


According to the define of noise figure, the noise figure of ADC can be given by 


N Fanc = Prs(apm) — SN Rapes) — 101g(Fs/2) — K Tiapmsuz 


(7.37) 


Thus the noise figure of ADC is not a fixed value. It is relative to the sampling 
clock/sampling rate, the amplitude and frequency of input signal, and the bandwidth 
of subsequent filter. Figure 7.17 gives the relation of ADC noise figure to different 
SNRs and sampling rates and Fig. 7.18 depicts the output noise spectrum of ADC 


under different input signal amplitudes. 


It can be seen from the above analysis that, the effects of ADC of RF digitalized 
receiver on system noise is directly relative to the ratio of the front-end noise power 
and the noise power of ADC itself. The degradation of ADC on the cascading system 
noise figure can be reduced in two ways: decreasing the equivalent noise power of 
ADC or assuring that the input noise and signal of front-end can be quantized by 


ADC to the full through receiver system design. 
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Fig. 7.17 Relation of ADC noise figure to SNR and sampling rate 
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Fig. 7.18 ADC output noise levels under different input signal amplitudes 
The equivalent noise power of ADC is not a fixed value, but changes w.r.t. its 
working environment. It can be expressed by 
Napc = Ng + Ni + Nj (7.38) 
where, N; is the thermal noise and N; is the ideal quantization noise which is directly 


relative to the quantization level or ADC conversion sensitivity. For ADC with res- 
olution of N and input peak-peak value of V,- p, the quantization level is 


Q = Vp-p/2" (7.39) 


At this time, the maximum power of ADC is 


(7.40) 


When the least bit of ADC is the noise bit and the noise takes uniform distribution, 
the quantization noise power is 


Q? 


N=5 (7.41) 


At this time, the maximum SNR of the ideal ADC is 


P 3 
SNRaprs = 101g a = iois(5 x a) = 6N + 1.76(dB) (1.42) 
q 
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Fig. 7.19 Relationship of 
ideal ADC SNR to input 
frequency and clock jitter 
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The other key factor affecting the equivalent noise power of ADC is the noise 
resulted from the aperture uncertainty of clock. The aperture uncertainty involves 
the transform of the sampling and holding circuit of ADC itself and the upper/lower 
edge jitter of sampling clock. The clock jitter and the clock phase noise are the 
different formulations of a phenomenon and closely correlative to the thermal noise, 
phase noise, and spurious of clock source. In the case of point frequency input, the 
SNR of ADC limited by aperture jitter is 


SNR; = —201g(27 fa Atrms) (dB) (7.43) 


where, fa is the frequency of analog input signal and At,,,, is the rms of aperture 
jitter. Under the ideal condition, the relationship of the output SNR of ADC to the 
input frequency and the clock jitter is illustrated in Fig. 7.19. 

On the other side, for reducing the degradation of ADC on the noise figure of RF 
digitalized receiver cascade system, the receiver system design is needed to assure 
that the front-end input noise plus signal can be quantized fully by ADC. This can 
be seen from the derivation of (7.45) and can also be interpreted from the noise 
back effect of ADC. When the weak signal below the lowest quantization hierarchy 
level and the strong signal over the lowest quantization hierarchy level but below 
the highest quantization hierarchy level go into ADC together, with the help of the 
back effect of the strong signal, the weak signal can pass through ADC together with 
the strong signal. The strong signal can be a signal or a noise and its intensity is 
required so that at least 90% energy can be quantized by ADC, generally about 6 
times of the lowest quantization hierarchy level of ADC. In this case, the wanted 
weak signal is not lost basically. Using the noise back effect of ADC, if allowable, 
it may be considered to broaden the bandwidth of RF analog channel and increase 
the instantaneous dynamic range of the system, at the cost of high sampling rate and 
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digital baseband processing hardware. Figures 7.20, 7.21 and 7.22 give the simulation 
results of the noise back effect of ADC sampling signals. 

The RF digitalized receiver of metric wave radar usually combines both the under- 
sampling and over-sampling, that is, the sampling frequency may be lower than the 
carrier frequency of RF signal but far higher than the instantaneous bandwidth of 
signal. When the output signal bandwidth after multi-rate signal processing matches 
to the instantaneous bandwidth of signal and all bandwidths of all filters in multi- 
rate signal processing match to the instantaneous bandwidth of signal as well as the 
out-band noise is rejected enough not to produce noise aliasing due to decimation, 
the final output noise power will be one fraction of F;/2B of ADC output noise 
power. Therefore, the ideal ADC output SNR after multi-rate signal processing can 
be expressed by 
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Fig. 7.20 Output SNR of ADC when signal power being —96 dBm and noise power being quantized 
1 bit 
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Fig. 7.21 Output SNR of ADC when signal power being —96 dBm and noise power being quantized 
2 bits 
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noise+signal time-domain graph, not quantized 
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Fig. 7.22 Output SNR of ADC when signal power being —96 dBm and noise power being quantized 
3 bits 


SNRagrs = 6N + 1.76 + 101g(F,/2B)(dB) (1.44) 


The multi-rate signal processing mainly includes fixed-point digital signal pro- 
cessing such as multi-stage filtering and decimation involves, so the bit-truncation 
process is involved consequentially. Similar to the previous analysis about ADC 
quantization noise, with SNR increasing, adequate bits are needed to guarantee that 
the output SNR meets requirement so as not to result in the loss of system SNR or 
the degradation of system noise figure. Figures 7.23 and 7.24 show the influences on 
SNR under different numbers of truncation bits. 


noise+signal time-domain graph, truncating 2 bits after quantizing noise~signal time-domain graph, truncating 3 bits after quantizing 
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Fig. 7.23 Comparison between output SNRs in truncating 2 bits and 3 bits 
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noise>signal time-domain graph, truncating 4 bits after quantizing noise+signal time-domain graph, truncating $ bits after quantizing 


ee TE A LS E A 
200 
o 
-200 
at ES a a aa a 
ect 1 2 3 4 5 6 7 8 9 
x 


10 10 
10' x10" 


noise+signal spectrum graph, truncating 4 bits after quantizing noise+signal spectrum graph, truncating 5 bits after quantizing 
0 NR Gs) 0 SNR= 45.505 
= FOR: = | SFOR=72.708FS 
g | 4srbeceaers S| deere 
4 SOF |signal power =-600F S 4 50 
Z -100 a Z 100 
S p 5. 
150 150 
0 os 1 15 


25 35 4 45 5 0 05 1 35 2 25 3 35 4 45 «5 
x10° frequency (Hz) x10° 


2 3 
frequency (Hz) 


Fig. 7.24 Comparison between output SNRs in truncating 4 and 5 bits 


7.4.3 Dynamic Range of Receiver 


The dynamic range of receiver is chosen based on the total dynamic range of radar, 
radar system, signal processing mode, and so on. The total dynamic range of radar 
is decided by 


D = D, + Dz + Dsın + Df (7.45) 


where, 


D, is the range of target echo signal changing with distance; 

D, is the target’s RCS changing range, decided by the RCS changing range of 
target/clutter; 

Dsın is the SNR required for target detection, relative to operation mode and target 
type; 

Dr is the increment of dynamic range required under receiver bandwidth mismatch- 
ing. 

Currently, the metric wave radar adopts the fully digital phased array system 
based on RF digitalization technique. Active receiving, ADC sampling, digital down 
conversion are implemented at element level, then digital domain DBF processing 
is performed, followed by pulse compression and multi-pulse coherent integration. 
Assume that the benefit of DBF processing is Dpgr, the benefit of digital pulse 
compression is Dppc, the benefit of multi-pulse integration is Dc;, then the instan- 
taneous dynamic range of single-channel receiver of digital phased array radar, Dar 
(the maximum output SNR of receiver), is required to be 


Dar = D — Dpgr — Dprc — Der (7.46) 
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As a comparison, in traditional analog phased array radar, the receiving beam- 
forming is carried out in analog domain and is followed by ADC sampling and signal 
processing. If the signal processing modes are the same, the instantaneous dynamic 
range of receiver in analog phased array radar, Dar is required to be 


Dar = D — Dppc — Der (7.47) 


Therefore, under the same requirement on system dynamic ranges, the require- 
ment on receiver dynamic range of digital phased array radar is by Dpgr lower 
than the requirement on receiver dynamic range of analog phased array radar, or, 
in another word, under the same receiver dynamic range, the total system dynamic 
range of digital phased array radar is by Dpgr wider than analog phased array radar. 
We can see that the digital phased array radar has the ability to improve the total 
system dynamic range greatly. Once the requirement on the instantaneous dynamic 
range of receiver has been determined, the design of receiver dynamic range can be 
carried out. 

The usual representations of RF receiver dynamic range of are the dynamic range 
at 1 dB compression point, DR_, (linear dynamic range of receiver), and the dynamic 
range without distorted signal, DRsrpr. 

The dynamic range at 1 dB compression point, DR_,: It is defined as the ratio 
of the input signal power and the least detectable signal power or the equivalent noise 
power when the receiver output power is enough to produce | dB gain compression, 
that is, 


Pit = Po-1 a Po} = Po 
Pmin GPimin GSmin  GkToNFBM 


t t 


DR; = (7.48) 


where, P;_; is the signal power at the input end of the receiver when | dB compression 
producing, P,_; is the output signal power of the receiver when 1 dB compression 
producing, G is the receiver gain, NF is the receiver note figure, B is the receiver band- 
width, M = 1 is the identification factor, and Tọ is the thermodynamic temperature. 
By derivation, we have 


DR- = Po-1(apm) + 114 — N Fas) — 101g Bawaz — Gan (dB) (7.49) 
DR; = Pi—i(dBm) + 114 — N Fap) = 101g Buuuy (dB) (7.50) 


The dynamic range without distorted signal, DRgppgr, which denotes the ratio 
of the maximum input signal power of receiver and the 3th-order intermodulation 
signal power when the 3th-order intermodulation signal of receiver is equal to the 
least detectable signal, i.e., 


Pis Pos 
DRsrpr = t= f (7.51) 


Pimin G Pimin 
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Figure 7.25 shows the graphic representation method of the dynamic range without 
distorted signal, where, P3 is the 3th-order intermodulation power level, Pos is the 
maximum input signal power of receiver when the 3th-order intermodulation signal of 
receiver is equal to the least detectable signal. The 3th-order intermodulation intercept 
point is the intersection point of the input/output relationship curve of the fundamental 
frequency signal and the relationship curve of 3th-order intermodulation result and 
the input signal. P; is the power at 3th-order intercept point of the receiver. Ignoring 
the transformation of the phase distortion and the amplitude distortion resulted from 
the high-order components and nonlinearity, we have 


2 2 
DRsrpr = 3 (Pi — Pinin) = 3 (Pi — Pimin — G) (7.52) 
Pops = Pomin + DRsrpr (7.53) 
Pi = P,-; + 10.65(dBm) (7.54) 
2 
DRsrpr = 3 (Poi Pimin G+ 10.65) 


2 
= Z (Po-ı + 114— NF — 101g B — G + 10.65) 
2 
= (DR + 10.65) (1.55) 


In designing the dynamic range of the RF digitalized receiver, the dynamic range 
of the receiver is required to match the dynamic range of the signal entering into the 
receiver. That is, the dynamic range of analog RF channel of receiver matches the 
dynamic range of the signal entering into the receiver, and the dynamic range of RF 
channel is also required to match the dynamic range of ADC. The dynamic range 
and the sensitivity of RF digitalized receiver are the two important indexes which 
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are correlative and restrictive with each other. It is required to make design through 
reasonable distribution of channel gain and reasonable selection of analog device 
and ADC specifications. 

The ideal ADC dynamic range can be denoted as 


Pmax _ 2°" Q?/8 


DR = 101 = 
ADC 8 Prin 02/8 


= 20N lg2 = 6N (d B) (7.56) 


The dynamic range of RF front-end matching the dynamic range of ADC requires 
that the maximum input signal does not cause ADC situation and the least signal can 
be fully quantized but does not cause receiver NF degradation after amplifying in 
RF front-end. The design of wide linear dynamic range of receiver should be started 
form aspects: reasonably distribute the gain of each stage in receiver and design or 
select the device with large dynamic range. 

Modern early warning and detection radar usually has multiple operation modes 
and corresponding instantaneous signal bandwidths. Sometimes, the compatible 
wideband and narrowband operation modes are required (such operation modes as 
target image, target tracking, and target search). For simplifying the receiver design, 
the receiver channel is often designed in terms of the largest bandwidth. The sensi- 
tivity and dynamic range requirements are guaranteed under the largest bandwidth. 
The sensitivity and instantaneous dynamic range in narrowband operation mode can 
be achieved by the succeeding multi-rate signal processing. This requires the output 
T/Q signal after digital signal processing to have adequate noise bits. This wideband 
and narrowband integrated receiver design can achieve both high sensitivity and 
large linear dynamic range, which differentiates from the traditional analog receiver 
design. 


7.4.4 Realization of Multi-Channel RF Digitalized Receiver 


The design of multi-channel RF digitalized receiver is based on software radio RF 
digitalization technique and digital down conversion DDC technique (including the 
digital quadrature intermodulation technique and the multi-rate digital signal pro- 
cessing technique) to realize the conversion of an analog RF signal to digital baseband 
T/Q signal. Figure 7.26 illustrates the functional block diagram of a 16-channel RF 
digitalized receiver. 

The RF digitalized receiver mainly includes bandwidth rejection low pass filter, IF 
sampling ADC, FPGA based digital down conversion (DDC), optical fibre interface, 
clock circuit, and PS circuit. The bandwidth rejection low pass filter adopts surface 
mount LTCC based low pass filter to limit the bandwidth of ADC input signal for 
out-band interference rejection. ADC is selected to be the 8-channel parallel 14-bit 
LTM9011 with 125 MHz sampling rate, the clock frequency is chosen as 120 MHz, 
and the center frequency of RF signal is 270 MHz, satisfying the optimal bandpass 
sampling theorem. The design requires that there are one 5 MHz tracking signal and 
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Fig. 7.26 Functional block diagram of a 16-channel RF digitalized receiver 


one single-frequency signal or five 1 MHz searching signals simultaneously within a 
20 MHz instantaneous bandwidth. The main specifications of the 8-channel parallel 
ADC are: 


(1) 8-channel parallel ADC; 

(2) The highest sampling rate is 125 MHz; 

(3) Bit-width is 14 bits; 

(4) SNR > 71dBFS @fin = 270 MHz/fs = 125 MHz; 

(5) SFDR > 75dBFS @fin = 270 MHz/fs = 125 MHz; 

(6) The input analog bandwidth is 800 MHz and the amplitude input signal is 1 Vp- 
p/2Vp-p, selectable; 

(7) Single PS 1.8 V/1.12 W, having PS bypass filtering capacitor inside the chip, 
without adding. 


The DDC design requirements are as follows: 


(1) IF: 270 MHz, sampling rate: 120 MHz, IF bandwidth: 20 MHz, satisfying the 
optimal sampling theorem; 

(2) There are three instantaneous signal bandwidths: 5 MHz/1 MHz/0.2 MHz, cor- 
responding to two baseband signal sampling rates: 5 MHz/1.25 MHz. There 
are five frequency division multiplexing subband signals with 1 MHz band- 
width each or there is only one signal with 5 MHz bandwidth in the 20 MHz IF 
bandwidth; 

(3) A FPGA realizes 16-channel parallel DDC processing simultaneously. 


Considering compatible wideband design, order reduction of filter, and resource 
saving, the realization of multi-sampling-rate, multi-band, and multi-channel DDC 
adopts the secondary mixing three-stage filtering and decimation structure. The block 
diagram of the realization and function of a single-channel DDC is shown in Fig. 7.27. 

The functions of the individual modules are: 


(1) The first-mixing wideband polyphase filtering & mixing post DDC processing 
module implements the digital down conversion of 20 MHz wideband IF signal. 
When the system operates in 5 MHz bandwidth, 1 MHz bandwidth, and 0.2 MHz 
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Fig. 7.27 Block diagram of multi-sampling-rate, multi-band, multi-channel DDC algorithm 
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Fig. 7.28 Spectrum distribution in IF band under 1 MHz bandwidth mode 
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bandwidth, the filter corresponds to 5 MHz bandwidth, 21 MHz bandwidth, 
and 0.25 MHz bandwidth, respectively. The filtering of the signals of different 
bandwidths is realized by changing the filter coefficients through control signal. 
The secondary-mixing complex spectrum shifting module conducts the down 
conversion of five subband signals within IF band under the 1 MHz bandwidth 
mode. One of these subbands is compatible with three bandwidths: 5, 1, and 
0.2 MHz. And under the 5 MHz mode, its center frequency is arbitrarily change- 
able. The spectrum distribution of the five signals under the 1 MHz bandwidth 
mode is shown in Fig. 7.28. 

The second-stage polyphase filtering and decimation module outputs SMSPS 
sampling-rate signal. The filter coefficients can be changed according to oper- 
ation bandwidth so as to filter signals of different bandwidths. There are three 
bandwidths: 5, 1.25, and 0.25 MHz. 

The third-stage polyphase filtering and decimation module outputs 1.25MSPS 
sampling-rate signal. The filter coefficients can be changed according to oper- 
ation bandwidth so as to filter signals of different bandwidths. There are two 
bandwidths: 1.25 and 0.25 MHz. 


(2) 


(3) 


(4) 


In essentials, there are two methods to design low pass FIR filter. They are the 
time-domain windowing method and the frequency-domain Remez (or the Parks- 
McClellan method). Currently, the MATLAB software already has integrated the 
majority of conventional filter designs. The FDATool in the MATLAB can be used 
to conduct filter design. And the functions integrated inside can also be used to make 
design for the conveniency of joint simulation. The simulation parameters of the 
filters of different bandwidths 5, 1.25, and 0.25 MHz are given in Tables 7.2, 7.3 and 
7.4. The simulation results can be seen in Figs. 7.29, 7.30 and 7.31. 

The resources for realizing the DDC algorithm and its relative modules in FPGA 
are listed in Table 7.5. 
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Fig. 7.29 Simulation result of two-stage cascading filters at 5 MHz bandwidth 
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output amplitude response of 1 25 MHz bandwidth DDC filter 
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Fig. 7.30 Simulation result of three-stage cascading filters at 1.25 MHz bandwidth 
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Fig. 7.31 Simulation result of two-stage cascading filters at 0.25 MHz bandwidth 
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Fig. 7.32 A multi-channel RF digitalized receiver 


High speed optical fiber is used to connect the I/Q signal from the digital receiver 
to the signal processor. The output data rate with respect to a 5 MHz bandwidth is 
calculated as 

5 x 16 bit x 2(1/Q) x 16(ch) x 10/8(8B/10B) = 3.2 Gbps (7.57) 

The computation of the data rate with respect to five 1 MHz bandwidths is 

5 x 1.25 x 16 bit x 2(I/Q) x 16(ch) x 10/8(8B/10B) = 4.0 Gbps (7.58) 

Taking the uniformity of FPGA internal clocks and the uniformity of the output 
data rates of high speed serial interfaces into consideration, all the input data rates in 
designing are treated as 120 MHz/32 bits. Thus, the serial data rate of optical fiber is 


120(MHz) x 32bit x 10/8(8B/10B) = 4.8 Gbps (7.59) 


Figure 7.32 shows a picture of a 16-channel RF digitalized receiver we designed. 


Table 7.2 Parameter setting 


Parameter 
of two-stage filters at 5 MHz 


bandwidth Order of filter 
Bandpass cut-off frequency (MHz) | 5.0 5.0 
Bandpass ripple (dB) 0.5 0.2 
Stopband rejection (dB) 75 75 
Stopband attenuation (dB) 55 45 

ee setting Parameter FIRI | FIR2 |FIR3 

1.25 MHz bandwidth Order of filter 23 47 95 
Bandpass cut-off frequency (MHz) | 21 1.25 1.25 
Bandpass ripple (dB) 0.5 0.2 0.4 
Stopband rejection (dB) 80 85 80 


Stopband attenuation (dB) 83 50 5 
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Table 7.4 Parameter setting 
of three-stage filters at 
0.25 MHz bandwidth Order of filter 


Bandpass cut-off frequency (MHz) 


Parameter FIR1 FIR2 FIR3 
23 47 95 
0.25 0.25 0.25 
0.5 0.2 0.4 
80 95 90 
102 60 15 


Bandpass ripple (dB) 


Stopband rejection (dB) 


Stopband attenuation (dB) 


a i pre Type of FPGA EP4SGX 180FF3514 
algorithm in FPGA Multiplier (18 x 18) 800 (87%) 
Logic element (LE) 93,403 (85%) 
Highest operation clock rate (MHz) | 148 
Memory (Mb) 5.5 (49%) 


fr --SNR=6654B ~-i- Jecccerosed Leseessesederseeseedeee SNRATLIGB.. 
i) IMR=9184B : i : : $ IMR=91.54B 
--i1--SFDR=80.8dBFS ; - i 


i $134BFS* 


amplitude(dB) 


i P i i i i i i 
2 48 4 05 0 05 1 15 2 6 “4 -2 0 2 4 6 
frequency (Hz) x10" frequency (Hz) x10 


Fig. 7.33 Test results of DDC output at 5 MHz bandwidth and 1 MHz bandwidth (frequency offset: 
0.1 MHz) 


Figure 7.33 gives the test results of the RF digitalized receiver during its practical 
operation. 


7.4.5 Optical Transmission and Synchronization of Data 


7.4.5.1 High-Speed, Large-Capacity Optical Fiber Data Transmission 


The fast development of RF digitalization technology has pushed the ADC and the 
succeeding multi-rate signal processing towards the antenna gradually. On the other 
hand, to reduce the transmission loss of analog signal, the RF digitalized receiver 
based on the RF front-end + ADC + multi-rate signal processing architecture will 
be directly located in the antenna array. A new generation of baseband radar signal 
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processing will be realized by high performance multi-core DSP or parallel computer. 
The high performance multi-core DSP or parallel computer is often located in the 
center processing cabinet far from the radar antenna array. Digital array module 
(DAM) is used to design the RF digitalized receiver for the purposes of increasing 
integration level and decreasing the volume, weight, and cost. Experiencing data 
fusion processing, the multi-channel baseband I/Q signals of RF digitalized receiver 
are transferred to the signal processing cabinet. In a module, 8, 16, or even more 
channels are integrated, so that the amount of the data to be transferred will be large. 
For example, in metric wave radar, the baseband I/Q data rate at the signal bandwidth 
5 MHz will reach up to 6.4 Gbps after 16-channel fusion and 8B/10B coding. 

As shown in Fig. 7.34, the bidirectional optical transmission system in metric wave 
radar mainly includes the FPGA based data serial-to-parallel and parallel-to-serial 
conversion portion and the optical module based optical-to-electric and electric-to- 
optical modulation/demodulation portion. 

All of the main-stream FPGAs, produced by ALTERA, XILINX, and etc., inte- 
grate the high speed serial data interfaces with speed greater than 10 Gbps. Figure 7.35 
illustrates the functional block diagram of high speed serial interface for V7 family 
FPGAs produced by XILINX. 

The main-stream optical module also can support the signal transmission at 
10 Gbps above. Then the FPGA can interface directly with optical module through 
AC coupling, which simplifies their applications. In addition, the hard core inte- 
grated in FPGA also reduces the difficulty in software design. Figure 7.36 shows a 
single-fiber bidirectional 2.5 Gbps optical module produced in China, and Fig. 7.37 
is a double-fiber bidirectional single-channel 2.5—10 Gbps optical module produced 
in China. 

To improve the transmission rate, capacity, and module integration level, many 
multi-channel integrated optical modules have been developed by the research insti- 
tutes and corporations at home and abroad. Figure 7.38 is a 12-channel integrated 
transmit/receive optical module developed by Finisar Company. Also, to increase 
the assembly integration level and meet the miniaturization requirement, a research 
institute in China has developed a multi-channel SMT optical module, with single- 
channel rate of 6.25 Gbps and total rate of 75 Gbps, as shown in Fig. 7.39. 
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Fig. 7.34 Functional block diagram of radar optical transmission system 
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Fig. 7.36 A single-fiber bidirectional optical module produced in China 
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Fig. 7.37 A double-fiber bidirectional single-channel optical module produced in China 


Fig. 7.38 A 12-channel transmit/receive optical module developed by Finisar 


Fig. 7.39 A SMT 12-channel transmit/receive optical module 
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Fig. 7.41 Optical FPGA developed by ALTERA 


Figure 7.40 gives the principle block diagram of multi-channel integrated optical 
module. 

With the continuous upgrades of data transmission and capacity, the optical trans- 
mission and integration mode will evolve further. In the next generation of FPGA 
products of ALTERA, we can see optical FPGA. The single-channel 28 Gbps super 
high transmission rate is achieved by integrating multi-channel optical module onto 
the substrate of FPGA, seeing Fig. 7.41. As for short distance super high speed 
optical transmission, the chip-level 3D package direct free-space optical transmis- 
sion developed by Avago will further increase integration level and transmission, as 
shown in Fig. 7.42. 


7.4.5.2 Multi-Channel Data Synchronization Based on Optical Fiber 
Transmission 


In the digital array radar which adopts transmit/receive DBF technique, the signal 
processing is based on multiple pulse repetition frequency (PRF) periods within a 
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Fig. 7.42 Chip-level short distance free-space super high-speed optical transmission technology 
developed by Avago 
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Fig. 7.43 Transmitting and receiving time sequences of pulse radar 


coherent processing interval (CPI). The fixed phase relation should be kept between 
the transmitting channels. And the fixed phase relation for the echo signal or the test 
signal should also be kept between the receiving channels. Currently, the method to 
achieve the above fixed phase relations is that the multiple transmit/receive elements 
operate synchronously under the same timing pulse (leading) of the radar system 
and the synchronous clock, ADC sampling clock, DDS processing clock, and LO 
signal of each transmit/receive element are all generated by the same crystal oscil- 
lator. In this way, the phase relations of the timing pulse (leading) of radar system 
and the individual clock signals can be ensured to be fixed, and further, multiple 
transmit/receive elements can be ensured to operate synchronously under the timing 
pulse of radar system. Figure 7.43 shows the conventional transmitting and receiving 
time sequences of pulse radar. 

Early phased array radar adopt the transmit/receive DBF technique because digital 
processing is performed at lower IF, both ADC sampling clock and DDS processing 
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Fig. 7.44 Block diagram of timing signal and clock signal transferring and distribution 


clock are low. Also as the timing pulse (leading) of radar system is distributed in 
the form of TTL signal, it is easy to achieve transmit/receive phase synchronization 
among multiple channels. However, the new metric wave digital array radar that 
uses RF digitalized receiver will face new problems: (1) large antenna array, which 
requires optical fiber to transfer the timing pulse (leading) of radar system; (2) High 
ADC sampling clock frequency and DDS processing clock frequency. Therefore, 
the difficulties must be overcome about transferring the timing pulse (leading) of 
radar system via optical fiber and stably sampling the timing pulse (leading) of radar 
system under high clock frequency. 

In present digital array radar, the transferring and distribution of the timing signal 
and clock signal of radar system are shown in Fig. 7.44. First, the signal processing 
subsystem generates the timing signal of radar system required by radar according to 
the system synchronous clock. The leading signal is sent to the optical fiber interface 
module via the high-speed serial interface in FPGA and then to the optical fiber 
interface module of the digital transmit/receive portion at the far-end via optical 
fiber. Through deserialization by FPGA, the leading signal can be obtained. Second, 
the leading signal is transferred at a board level and distributed to the digital receiving 
module and the waveform generation module et al. To ensure that the radar operates 
stably under the timing pulse signal of a radar system and guarantee the multi-channel 
phase synchronization, it is needed to make consideration and design at the system 
level, circuit level, and chip level. 

The design considerations at the system level mainly involve the following aspects: 


(1) The radar pulse repetition period should be selected so that it is the integral times 
of there other clock periods except for considering the radar system performance 
requirement. 
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(2) 


(3) 


The optical fiber for the leading signal transfer between the signal processing 
portion and the transmit/receive portion should be designed as long as possible 
so as to keep the delays of individual leading transfers consistent. 

The lengths of the RF cables for transferring the same kind of clock signals 
should be designed as consistent as possible to keep the phase delays of the 
same clocks to individual transmit/receive modules consistent. 


The following considerations should be taken into consideration when conducting 


the circuit-level design: 


(1) 
(2) 


(3) 


For multi-channel optical modules, the differential transmission lines form all 
optical modules should be equal in length so as to achieve identical delays. 
The board-level clock transfer should take the form of differential signal trans- 
mission to make the jitter introduced by the clock transferring at board level 
small. 

For PCB design, the transmission lines for transferring the sampling clock to 
ADC modules should be equal in length and the transmission lines for transfer- 
ring the DDS processing clock to DDS chips should also be equal in length to 
ensure the identical delays of the clocks to individual modules. 


The chip-level design considerations mainly involve the FPGA program design 


and the ADC chip and DDS chip application designs. The measurement that should 
be taken into account includes: 


(1) 


(2) 


(3) 


The programs for sending the leading signal should work synchronously under 
the timing pulses generated themselves to realize the consistent delays of the 
timing signals sent by individual optical interfaces. 

The digital transmit/receive optical module gives a timing signal through dese- 
rialization. The timing signal is sampled by use of the system synchronous 
clock to obtain the timing signal for the digital transmit/receiver portion. The 
key of sampling the timing pulse by synchronous clock is to stably sample the 
signal, without metastable state occurring. When designing the programs, there- 
fore, the synchronous logic design must be taken into consideration to ensure 
stable sampling. For this, the synchronous clock is used to make frequency 
multiplication of a high speed clock in FPGA and the clock is used to sample 
simultaneously the leading signals produced by the synchronous clock and the 
deserialization. Measuring the optimal phase relation through which the leading 
signal of synchronous clock sampling is obtained and using PLL to adjust the 
phase of synchronous clock can ensure that the metastable state will not occur 
when sampling the timing signal. 

After the timing pulse obtained by the synchronous clock sampling being stable, 
by regulating the phase relation of ADC sampling clock and the synchronous 
clock in FPGA, the metastable state will not occur when the ADC sampling clock 
samples the timing signal under the condition of the FPGA compiling satisfying 
the time sequence constraint. In this way, it can be ensured that the phase stability 
and channel-to-channel phase synchronization during the multiple repetition 
periods within a CPI in the digital receiving module. 
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(4) Once a stable timing pulse is obtained, it will be sent to individual DDS chips at 
the same time to make them work synchronously under the timing pulse. From 
this point, the DDS chip with synchronization function should be chosen. 


Through the above design considerations divided into three levels, the multi- 
channel data synchronization problem in the RF digitalized receiver based on optical 
transmission can be well resolved. 


7.5 Electromagnetic Compatibility Design 


The radar operating in metric wave band has to face complex external electromagnetic 
environment. In this frequency band, the spectrum utilization rate is the highest and 
the distribution area is the widest. Also in this band, there are a mass of broadcast, 
TV, and communication users. Here, we take the TV signal as an example to make 
a brief explanation. In China, the TV adopts PAL D/K system and the TV channel 
frequency division is shown in Table 7.6. 

We can see that the metric wave radar operates in a complex electromagnetic 
environment. Actually, it is unpractical that the radar site keeps enough distance 
from the TV base station to avoid interference each other. Consequently, in designing 
metric wave radar, it is necessary to take measures to reduce the interference as low 
as possible. Figures 7.45, 7.46, 7.47 and 7.48 give the measured frequency spectrums 
of the familiar interference signals in metric wave band. 


Table 7.6 TV signal distribution in metric wave band 


Band Channel Frequency range Image carrier Sound carrier 
(MHz) frequency (MHz) frequency (MHz) 
I band DS—1 48.5~56.5 49.75 56.25 
(VHF) 2 56.5~64.5 57.75 64.25 
3 64.5~72.5 65.75 72.25 
II band 4 76~84 77.25 83.75 
(VHE) 5 84~92 85.25 91.75 
II band 6 167~175 168.25 174.75 
(VHF) j 175~183 176.25 182.75 
8 183~191 184.25 190.75 
9 191~199 192.25 198.75 
10 199~207 200.25 206.75 
11 207~215 208.25 214.75 
12 215~223 216.25 222.75 
UHF band 13~68 470~566 
606~958 
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Fig. 7.49 Functional block diagram of RF digitalized receiver channel based frequency-domain 
multistage filters 


The electromagnetic environment adaptability of metric wave radar includes two 
aspects: one is to reduce the interference from the external electromagnetic signals on 
the radar equipment; the other is that the radar equipment in operating should bring 
as few effects on civil apparatuses as possible. As viewed from the point of sys- 
tem, the interference rejection should be implemented comprehensively in multiple 
dimensions such as the mainlobe interference rejection, sidelobe cancellation, and 
temporal-domain interference cancellation realized by receiver multistage filtering in 
frequency domain and adaptive filtering in spatial domain. The main measure to sup- 
press the in-band interference, out-band interference, adjacent channel interference, 
and external interference in RF digitalized receiver is the multi-stage filtering in fre- 
quency domain. The anti-interference design of RF digitalized receiver involves the 
frequency-domain multistage filtering anti-interference, the optimization and selec- 
tion of RF digitalized sampling clock, and the suppression of internal interference. 


(1) Frequency-domain multistage filtering anti-interference 


The receiving channel realization of RF digitalized receiver of metric wave radar 
is shown in Fig. 7.49. The filters include RF preselection filter, SAW based switch 
filter bank, LTCC based lowpass filter, and FPGA based multi-rate signal processing 
digital filter. 
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RF preselection filter: It locates at the first stage of RF front-end. Its insertion loss 
has direct effect on the noise figure of receiver. The filter is mainly used to reject 
the strong out-band interference in far zone to avoid channel barrage, and to realize 
anti-aliasing filtering for RF samples together with the successive filter. Its design 
adopts LC filter and LNA1 + preselection filter + LNA2 architecture. In this wary, 
the enough out-band rejection can be achieved and the noise figure of LNA module 
can also be minimized. The amplitude-frequency response curve of RF preselection 
filter of a metric wave radar is given in Fig. 7.50. 

SAW based switch filter bank: It has the excellences of small volume, easy inte- 
gration, high rectangle coefficient, high in-band linearity, and good consistency. The 
direct-path signal is far greater than the echo signal. In designing channel, the received 
signals are amplified to approach the full range of ADC for amplifying the target 
echo signals and improving the detection of small signals. In the dense signal envi- 
ronment, the channel is susceptible to saturation with a high channel gain. Thus the 
analog channelization is needed to decrease the number of signals simultaneously 
entering into the following amplifier for an increased instantaneous dynamic range. 
In SAW based switch filter bank, the rectangle coefficient (B W.40ap/BW3ap) of each 
sub-band filter can reach up to 2, so that the out-band interference and ADC sampling 
image spectrum can be rejected effectively, generally the rejection being greater than 
40 dB. The amplitude-frequency response curves of its sub-band filters are shown in 
Figs. 7.51 and 7.52. 

LTCC based lowpass filter: It adopts LTCC process and has laminated structure, 
small volume, and low insertion loss, suitable for highly dense surface mounting. 
Its sharp attenuation characteristic is beneficial to the rejection of interference and 
noise. In RF digitalized receiver, ADC input 3 dB analog bandwidth can cover the 
whole metric wave band, but the cut-off frequency of actual signal is not so wide. 
At the ADC input end, therefore, its input signal bandwidth can be limited by the 
lowpass filter with small volume and low insertion loss. The frequency range of ADC 
input signal can be further limited so as to reject the out-band interference by the 
LTCC based lowpass filter in combination with the RC lowpass filter at ADC input 
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interface. Also, the filter can reject the harmonic of ADC sampling clock to prevent it 
from entering the RF channel amplifier and producing intermodulation interference 
with input signal. 

The FPGA based multi-rate signal processing digital filter: It is one of the core 
parts of the multi-rate signal processing. For digital receiving, the main action of 
this digital filter is to implement digital anti aliasing filtering before decimation 
and get the oversampling SNR benefit. Due to the high sampling rate of the RF 
direct sampling, the digital quadrature demodulation and the decimation filtering 
are needed to acquire the baseband I/Q signal matching the instantaneous signal 
bandwidth. It can be known from the previous analysis of analog filter that if the 
frequency band is divided too narrowly, the volume and cost of the analog filter will 
be increased significantly. So the adjacent-channel interferences near the operating 
frequency points of broadcast signal and the TV signal can be rejected only by digital 
filter. In a dense signal environment, the adjacent-channel interferences should be 
rejected enough to avoid the effects on SNR of the adjacent-channel interference 
signals folding in the frequency band after decimation. 
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Fig. 7.53 Adjacent-channel amplitude-frequency response of digital multistage cascading filter 
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The design of the multi-rate signal processing digital filter should consider its 
high-effective realization and minimize resource occupation and power dissipation 
while holding performance. Today, the high-effective realizations of the multi-rate 
digital filter are CIC filter, half-band filter, and high-effective polyphase structure dec- 
imation filter. In the case of large decimation ratio, multistage cascading filters are 
needed to implement sampling rate conversion, SNR benefit, and interference rejec- 
tion. In practical realization, the in-band ripple, out-band suppression, resource, and 
power dissipation should be considered. The suppression of the adjacent-channel 
interference requires a very narrow transition band of filter. The order of filter is 
directly related to the transition bandwidth. At this time, the spectral mask filter 
based on half-band filter or the spectral mask filter based on complementary filter 
can be used to achieve narrow transition bandwidth and adjacent-channel interfer- 
ence suppression. Figures 7.53 and 7.54 illustrate the amplitude-frequency response 
curves of the narrowband digital multi-stage cascading filter of a metric wave radar. 
We can see that, in the case of 150 kHz signal bandwidth, the rejection of digital 
filter on the adjacent-channel interference can reach about 100 dB, and even more 
nice rejection of in-band interference in far zone can be achieved. 


(2) Optimization and selection of RF digitalized sampling clock 


The optimization and selection of the sampling clock involves the optimization and 
selection of the clock frequency and the optimization and the selection of the relative 
specifications. The selection of the sampling clock of RF digitalized receiver should 
satisfy the bandpass sampling theorem firstly. In addition, because of the large analog 
bandwidth of RF direct sampling ADC, the multiple signals in Nyquist band will 
be aliased into the frequency band after sampling. Although there is an anti aliasing 
filter before ADC, when strong interference appears in a certain frequency band, the 
residues of interference signals after anti aliasing filtering and sampling could still 
be stronger than the target echo signals. Thus, in the case of strong interference out 
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of the frequency band, the sampling clock should be selected such that the frequency 
band in which strong interference appears cannot be aliased into the frequency band 
of the operating signal through direct sampling. 

Assume that a radar operates at 48-110 MHz, the far-zone interference can be 
suppressed effectively by the multi-stage analog filters of its RF digitalized receiver 
and its antenna response, but limited for suppression of the interferences resulted from 
TV channels 6-12 (167-216 MHz) in VHF band. Hence, on selecting the sampling 
clock, the emphasis is to avoid the signals in this frequency band directly aliasing 
into the operating frequency band. If the sampling aliasing is not considered, we can 
choose a 240 MHz sampling clock directly. At this time, the whole signal frequency 
band locates at the first Nyquist band, but the interferences resulted from TV channels 
6-12 in VHF band will enter into the low frequency band of 48-85 MHz through 
sampling aliasing. In practical design, therefore, two sampling clocks or sampling 
clock switchover can be used to ensure no sampling aliasing, for example, 200 MHz 
sampling clock for 48-85 MHz and 240 MHz sampling clock for 85-110 MHz. The 
corresponding signal frequency bands and image interference frequency bands are 
shown in Figs. 7.55 and 7.56, the green indicating the operating frequency band 
and the red indicating the image interference frequency band. From the figures we 
can see that, when operating at 48-84 MHz frequency band and 200 MHz sampling 
clock, the FM broadcast signals and the VHF channels 6-12 signals are unable to 
alias into the operating frequency band through sampling directly; when operating 
at 85-110 MHz frequency band and 240 MHz sampling clock, the VHF channels 
1—4 signals and channel 6-12 signals also cannot alias into the operating frequency 
band through sampling directly. 

Operating in dense signal environment, the influence of phase noise also should 
be taken into consideration in designing the sampling clock of RF direct sam- 
pling receiver. The phase noise aliasing effect of multi-signal sampling clock will 
cause the noises of adjacent channels to superpose into the frequency band of the 


7.5 Electromagnetic Compatibility Design 245 


100MHz 200MHz 300MHz 400MHz 


Fig. 7.55 Four Nyquist bands of 48-84 MHz signals before 200 MHz sampling 


Fig. 7.56 Four Nyquist bands of 85-110 MHz signals before 240 MHz sampling 


operating signal, especially in the case of narrow signal bandwidth and dense signals. 
Figure 7.57 shows the phase noise aliasing effect of multi-signal sampling. Consid- 
ering the phase noise aliasing effect, the noise level near the short zone 100-200 kHz 
should be designed low enough. The crystal oscillator with high stability and low 
phase noise and the direct synthesis can be used to obtain the sampling clock with 
excellent phase noise performance. When the sampling phase-locking method is used 
to generate sampling clock, strict requirements should be applied for the loop filter 
bandwidth and its rejection. 


(3) Suppression of internal interference 


In the RF digitalized receiver of metric wave radar, it is easy to generate interferences, 
which should be minimized by reasonable electromagnetic compatibility design and 
device selection. The related analysis and design will be described as follows. 
Multi-frequency intermodulation interference: It results from the harmonic and 
intermodulation generated by the multiple clock signals due to nonlinearity in active 
derives of the receiver entering into the operating frequency band. In RF digitalized 
receiver, the main clocks include the ADC sampling clock and its feedback synchro- 
nization clock, DAC/DDS conversion clock and its feedback clock, the system time 
sequence synchronization digital clock, the FPGA or DSP internal signal processing 
clock, optical transmission high-speed interface PLL reference digital clock, and the 
serial interface clocks collocated in the related chips. These clocks also can generate 
plenty of harmonic frequencies. If a RF digitalized receiver is designed improperly, 
the multiple clock foundational frequencies, harmonics, and their intermodulations 
will come into the transmit/receive frequency band and finally impact the stray and 
output SNR of the system. Then the design of receiver frequency source and the 
design of multi-channel RF digitalized receiver are required to achieve reliable iso- 
lation and screen from various interferences, preventing circuit coupling and leakage. 
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Fig. 7.57 Phase noise aliasing effect of multi-signal sampling 


And all outputs are filtered to suppress their harmonics, avoiding the influences of 
the harmonics and their intermodulations on the system. 

ADC nonlinearity: In multi-signal environment, harmonics and multitone inter- 
modulation will produce. For an ADC, its single-tone stay, SNR, and multitone 
intermodulation characteristics are shown in Fig. 7.58. When the input power is — 
1 dBFS, the second harmonic suppression is more than 85 dBc and the third har- 
monic suppression is above 86 dBc. When the input dual-tone signal frequency is 
46 MHz/50 MHz and the input power is —7 dBFS, the two-tone intermodulation 
suppression is above 97 dBc. When the input signal frequency is 185 MHz/190 MHz 
and the input power is —7 dBFS, the two-tone intermodulation suppression is more 
than 85 dBc. Therefore, on selecting an ADC, it is required to refer to its data book 
and make an assessment to determine whether the nonlinearity of the ADC itself 
affects the stray characteristic of the system or not. 

Channel and filter nonlinearities: they will also cause the spurious in the received 
signal and the generation of interference signal, including the output harmonic char- 
acteristic of amplifier getting poor due to unsuitable distribution of channel gain 
and then generating interference. To avoid the interference, reasonable distribution 
of channel gain is required in designing channel. In the first stage of LNA, it is 
required to choose proper P_; according to the maximum interference level. On the 
other hand, following the LNA, TV band filter and broadcast band filter should be 
designed respectively to reduce the signal components that will go into the next 
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Fig. 7.58 Output characteristics of ADC single-tone and multitone signals 


amplifier so as to prevent the generation of nonlinear signal. In addition, the phase 
nonlinearities of the channel and filter can also produce influences on the follow- 
ing DBF synthesis, cancellation, and correlation processing. Thus constraints should 
be applied to the phase nonlinearity index in the instantaneous bandwidth of each 
device, especially each filter. 

PS switch frequency: can make intermodulation with the sampling frequency and 
produce symmetrical spurious frequency through ADC sampling. In multiple-signal 
environment, it will raise the noise level of the output signal and then affect the output 
SNR. 

Except that the radar can suffer form the interferences due to other electronic 
equipments, its transmitting signal will also interfere with other electronic equip- 
ments. The spectrum purity of its transmitting signal must be controlled effectively. 
The indexes to measure the spectrum purity of its transmitting signal are the out- 
band spurious suppression and the harmonic suppression. Generally, the measures 
to improve the two indexes in design stage are as follows: 

First, strict requirements must be applied to out-band spurious and harmonic sup- 
pression of power amplifier, which should be given full consideration in the design 
of amplification circuits. Moreover, the bandpass effect of the output circulator of 
transmitter can be utilized to improve the shape of the transmitting frequency spec- 
trum, and then the bandpass effect of antenna element is used to further suppress 
the out-band spurious and harmonic of the transmitting frequency spectrum. If nec- 
essary, a high power filter can be added between the transmitting output and the 
antenna element. In phased array radar, owing to a large number of transmitters, the 
special attention should be paid to avoid self-excited oscillation in transmitter. Even 
if few transmitters produce self-excited oscillations, there will be a great influence 
on the synthesized transmitting frequency spectrum. In radar engineering design, the 
effective measures should be taken to monitor the operation status of each transmitter 
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and to feed the information back to the control system to shut down that transmitter 
in which the self-excited oscillation occurred. 

During the phase of radar in service, the following measures can be taken: indi- 
vidual electronic equipments can be operated at different frequency points to make 
use of filtering to decrease the influences each other; the radar equipment can turn 
on the “sector silence mode” to reduce its effect on other electronic equipments; if 
allowable, to enlarge the distance between the electronic equipments or to use veil 
to achieve electromagnetic isolation. 


7.6 Super-Low Phase Noise Frequency Source Technique 


7.6.1 Analysis on the Effect of Frequency Source Phase 
Noise on Radar System 


Frequency source is a necessary component of modern radar system. Its phase noise 
and spurious performances determine the accuracy and function realization of radar 
system to a high degree. With the development of radar technology, the requirement 
on the stability of frequency source posed by radar becomes more and more strict, 
especially the short-term stability. Only full-coherent frequency synthesizer can sat- 
isfy the requirement on the stability of frequency source. The short-term stability is 
measured commonly by single sideband phase noise spectrum density. Sometimes, 
the system designers may propose the requirement on the improvement factor. The 
relation between the phase noise and the improvement factor is 


3 


l= 
16 i Sago (fm) sin? (TT fn) sin? (2 T fn)d fin 


(7.60) 


where, J is the improvement factor at the secondary cancellation, S,g(fm) is the 
phase noise spectrum density of frequency synthesizer, t is the round trip time, F is 
the half of IF bandwidth of receiver, and T is the pulse repetition period. 

The improvement factor at the first cancellation is expressed as 


1 
T= 
8 S Sagl fn) Sin? (1 T fn) Sin? (0 T fin) f 


(7.61) 


In RF digitalized receiver system, although the number of the signals provided by 
frequency source is decreased enormously compared with traditional superhetero- 
dyne system, the quality of the sampling clock (clock jitter) generated by frequency 
source also directly affects the ADC performance specifications. Theoretically, the 
signal-to-noise ratio (SNR) of ADC limited by the clock aperture jitter can be 
expressed as 
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SNR = —201g(27 fy Atyms) (7.62) 


where, SNR is the signal-to-noise ratio (dB), fa is the analog input frequency, and 
At;ms is the root mean square (rms) of aperture jitter. 

Numerous factors affect random timing jitter, including noise sources such as 
broadband noise, phase noise, and spurs, as well as slew rate and bandwidth, which 
shown in the following figure. We can calculate the jitter through the phase noise 
curve inside the bandwidth of interest. 

A sinusoid signal of a clock signal with phase noise can be written as: 


C(t) = A sinQzf,.t + O(t)) = A sin(27x fe (t + 0) (7.63) 


and the period jitter is: 


ot) 
2r fe 


(7.64) 


JPER = 


the random quantity Jpzr must have a zero mean. Thus the RMS of Jpgr can be 


calculated by: 
2 1 2 
Jper-rms = y < JpgR > = zE V I O) > (7.65) 


where < Toig > is the mean of Jorg and < 0 (t)? > is the mean of 6(t)?. 


C(t) = A sin(2z fet + 6(t)) = A sin(27 fct) cos(@(t)) + A cos(27 fet) sin (0 (t)) 
(7.66) 


As the 6 (t) is always much smaller than 7/2, Eq. (7.66) can be approximated as: 
C(t) = A sin(27 fet) + A0 (t) cos(27 fet) (7.67) 


The spectrum of C(t) is then: 


Se(t) = a — fe) +8 + fol + iag — fe) + So(f + fe)l (7.68) 
where So (f) is the spectrum of 0 (t). Using the definition of L(A f), we can find: 

L(Af) = L(f — fe) = 10log[Se(f)/Se(fe)] (dBe/Hz) (7.69) 

that L(A f) presents the ratio of two power in 1 Hz bandwidth at frequency f and fz, 


where Af = f — fe, following Eq. (7.68) above, therefore we can obtain L(A f) 
and Sẹ (Af): 
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L(Af) = 10log{ 


ZIS (f — fre 
2 = 10log[Sa(f — fc)] = 10log[Se(Af)] 


2 
(7.70) 
SAP) = So(f = fe) = 10° (1.71) 
we could also write Eqs. (7.72) as (7.72) when f means Af in practice: 
Lif) 
So(f) = 100 (7.72) 
following Eq. (7.65) above: 
+00 +00 
< O(t) >= J So(f)df = 1 10% df (7.13) 
—0o —0o 


The Sg(f) is symmetrical spectrum. We can calculate the jitter through the phase 
noise curve inside the bandwidth of interest 


BW 
J : 62(t) : af 10% df (7.74) 
= = —V/< >= —— 10 . 
PER-RMS 2f, 2ni 
0 


where, fe is the center frequency of the sampling clock (Hz), BW is the bandwidth 
of interest, f is the offset from fe (Hz), L(f) is the phase noise at the place where 
the offset from f, (dBc/Hz).This is an integral operation and usually completed by 
the computer. 

Besides, there are other approximate calculation methods, such as calculate broad- 
band noise contribution to timing jitter, phase noise contribution to timing jitter and 
spurious noise contribution to timing jitter respectively. However, these computa- 
tional models have certain limitations, which can be referred to in relevant literature. 

In designing, frequency source indexes should be distributed in reason to meet 
the system design requirement according to the improvement factor index and ADC 
signal-to-noise ratio index required by radar system. 


7.6.2 Realization of Frequency Source 


Frequency synthesis technique means a process to generate one or more new frequen- 
cies by use of one or more reference frequencies. In essence, frequency synthesis is a 
technique for realizing analog or digital computation of frequency. It obtains a num- 
ber of signals of the same precision with reference frequency through mathematical 
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operation of the reference frequency and then selects the wanted frequency depend- 
ing on practical requirement. Frequency synthesis technique started from 1930s and 
has passed more than 80 years. The development of frequency synthesis technique 
can be divided into three stages: 

The first stage is the direct frequency synthesis (DS). DS technique performs 
simple operations of reference frequency such as addition, subtraction, multiplica- 
tion, and division and then conducts filtering to generate multiple frequencies for 
implementing frequency synthesis. On this account, direct frequency synthesis has 
the advantages of fast frequency conversion, low phase noise, high stability and reli- 
ability. However, because of the applications of a number of nonlinear devices such 
as mixers and frequency multipliers in the frequency synthesizing process, direct 
frequency synthesis has the disadvantages of complex circuits, large volume, high 
cost, and poor spurious suppression. 

The second is stage the indirect frequency synthesis, also called as phase locked 
loop (PLL) frequency synthesis. PLL technique makes use of the linear servo loop 
of control theory and developed in 1940s. It realizes addition, subtraction, multipli- 
cation, and division of frequencies through phase locked loop. That is, one or more 
reference frequency sources are used to generate plentiful harmonic or combined 
frequencies via a series of nonlinear devices such as harmonic generator, mixer, and 
frequency divider, then the phase locked loop is used to lock the frequency of voltage 
controlled oscillator (VCO) to a harmonic or combined frequency, and finally the 
wanted frequency signal is output indirectly from VCO. The merits of this technique 
are high operating frequency, wide frequency band, low phase noise, good spurious 
performance, high frequency stability, and small volume. But it has low frequency 
conversion speed compared with DS and low frequency resolution. 

The third stage is the direct digital frequency synthesis (DDS). Its development 
history has been introduced in Sect. 7.3.2.1. The outstanding advantages of the DDS 
are high frequency resolution and fast frequency conversion. The other superiorities 
are wide relative bandwidth of output signal, programmable frequency/phase con- 
trol, and convenient single-chip integration. The full-coherent frequency synthesizer 
used in radar usually makes a highly stable crystal oscillator as reference so as to 
obtain a set of highly stable frequency signals. Hence the technical specifications of 
the crystal oscillator are very important. Currently, the short-term stability of crystal 
oscillator (measured in phase noise) is about —153 to —55 dBc/Hz@1 kHz offset. 
With the development of crystal oscillator technology, the crystal oscillator with 
super-low phase noise comes forth. PFC Company in Canada issues an 80 MHz con- 
stant temperature crystal oscillator, its phase noise is as low as — 160 to — 168 dBc/Hz 
at 1 kHz offset. 

In designing, on the basis of the practical requirements of radar system on the 
technical specifications, cost, and reliability of the frequency synthesizer, proper 
realization scheme should be adopted to achieve the optimal effectiveness. 
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7.6.3 Techniques for Distributed Frequency Sources 


To simplify the architecture of the digital array radar system and enhance its scalabil- 
ity, a novel frequency source design is proposed. That is, the frequency source host 
+N distributed frequency sources. The frequency host generates the reference sig- 
nal for the distributed frequency sources, and then the distributed frequency sources 
produce the clock signals required for the transmit/receive system. In this way, the 
benefits are as follows: 


(1) Simplify the external clock interface of the digital array module. Clock input 
only needs a cable, which is propitious to the array scalability and the trans- 
mit/receive system maintainability. 

(2) Simplify the clock distribution network of antenna array. The reference clock 
commonly has low frequency and low transmission loss, so that the power 
division network of a large antenna array can be designed to be a passive network, 
improving the system reliability and decreasing the system complexity. 

(3) Ina radar system with separated transmit array and receive array, the reference 
clock signal can be translated into optical signal for optical fiber transmission. 
It is easy to realize long distance transmission of clock signal. 

(4) The distributed frequency source technique is more propitious to large array 
antenna, which can decrease the weight and simplify the structure of large radar 
system. 


It is noticeable that how to explore the noise decorrelation characteristic of the dis- 
tributed frequency source is still under investigation. Once applicable, the spectrum 
purity of the synthesized transmit/receive beams in a radar system will be improved 
significantly. 
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Chapter 8 A) 
Target Classification and Identification cigit; 


Techniques for Advanced Metric Wave 
Radar 


8.1 Overview 


8.1.1 Status of Radar Target Classification and Identification 


The research on radar target identification requires profound theoretical basis and 
numerous field tests, which certainly will promote the modern radar theory and mod- 
ern radar technology to a new stage. The research on radar identification techniques 
around the world has passed 50 years since Barton made an exact judgment of the 
shape feature of the Soviet Union satellite Spuknit II by use of AN/FPS-16 radar. 
During this period, a series of important progresses in this field have been made in 
many countries. 

The target identification technique has been determined as one of the twenty 
key defense technologies by American Department of Defense for a long time. In 
the 1990s, DoD set up a target identification workgroup to take charge of radar 
target data standardization and identification performance assessment. The target 
database includes multiple military aircraft and missile targets. In 1995, Canadian 
Leung designed a set of automatic target identification system for the sea surface 
surveillance radar in Ottawa, capable of achieving detection, tracking and classi- 
fication of sea surface target. In 1996, American Teti set up a target identification 
system based on AWG-10 radar. By extracting six-dimensional joint features of tar- 
get, quasi realtime identification of F-18 aircraft was realized through multi-feature 
comprehensive decision-making. In 2000, the research results announced by Lincoln 
Laboratory showed that the imaging resolution of USA radar reconnaissance satellite 
reached 0.1 m, capable of monitoring and identifying ships, military vehicles, and 
mobile intercontinental missiles, finding the targets at several meters underneath dry 
sand and shallow sea, and distinguishing the false targets. Russia has engaged in the 
study on target identification since World War II. It is reported that they achieved 
the accuracy of 90% for identifying aircraft and the accuracy of 99% for identifying 
the warhead of ballistic missile. In addition, many other countries also have made 
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efforts to study the target classification and identification techniques such as Japan, 
Australia, France, Poland, Israel, and etc. 

There are many methods for radar target identification. Based on resonant fre- 
quency characteristics, Baum proposed the singularity expansion method to explore 
metaphase and anaphase transient responses and used the concept of poles to char- 
acterize the electromagnetic characteristics in 1971. In 1975, Blaricum and Mittra 
firstly put forward the Prony method for directly extracting the poles of target from a 
set of transient response temporal-domain data. Afterwards, Jain presented the func- 
tion bundle method of target poles while Hua et al. extended it to the generalized 
function bundle method. In order to avoid direct extraction of poles from noisy tar- 
get scattering data, Kennaugh proposed the K-pulse concept, that is, the excitation 
signal of limited duration is used to act on target. The K-pulse characterized the 
pole spectrum of target. Meanwhile, Chen proposed the E-pulse method (also called 
S-pulse method), which is an inverse solution of K-pulse. That is, the characteristic 
waveform measured in advance is stored in computer through waveform synthesis 
method, and then the target scattering echo acquired online is made a convolution 
with it to find the target features for identification. The resonant-frequency-based 
identification method can be used for airplane type judgment based on a certain 
scale of database. 

For the polarization identification, the concept of polarization scattering matrix 
has been proposed for a long time. The two-dimensional complex scattering matrix 
is used to represent the target scattering characteristics in the case of specific attitude 
and radiation source frequency. The polarization invariables capable of characterizing 
the polarization scattering characteristics of target was early presented by Brickel. 
These invariables are not affected by Faraday rotation (polarization plane rotation) 
or target rotation around the radar line of sight and antenna polarization errors, so as 
to be widely applied in target identification. The polarization invariables perfectly 
determine the target’s backscattering characteristics and contain the maximum target 
information for radar observation along the line of sight. The methods based on 
polarization features play an important role in fine target classification. 

With respect to micro-Doppler-based identification, Chen et al. analyzed the 
micro-Doppler modulation features of target by utilizing the time-frequency analysis 
tool. Micro-Doppler modulation features have been widely used in the detection and 
identification of space targets, ballistic missiles, and aerodynamic targets. The rotary 
parts of airborne target are always in periodical movement in respect of the rotation 
center of target, thus they will produce periodical modulation on the amplitude and 
phase of target’s signal echo. This micro-Doppler modulation is widely applied in the 
narrowband radar target identification research as a very effective target signature. 

In China, the research on radar target classification and identification has been 
experienced for several years, with achievements in such areas as resonant frequency 
identification, polarization identification, micro-Doppler modulation identification, 
and wideband feature identification. For resonant frequency features, the pole extrac- 
tion methods and the pole database construction methods of the radar target in res- 
onance zone are achieved in National University of Defense Technology, Harbin 
Institute of Technology, and Air Force Radar Academy. For polarization features, 
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Zhuang Zhaowan proposed a method for intrinsic coefficient extraction of target 
in polarization domain. Based on the single-frequency multi-polarization amplitude 
response equation, this method could to obtain a set of absolute polarization invari- 
ables using the concept of poles that do not vary with target attitude. Wang Xuesong 
et al. of National University of Defense Technology developed the first experimental 
instantaneous polarimetric radar system by themselves in the world. They carried out 
a series of field experiments to measure the polarization features of target. The basic 
and common difficult problems in target polarization scattering feature extraction and 
identification were solved preliminarily. For polarization identification, the research 
group used the polarization invariables to realize the classification and identification 
of 5 types of aircraft. Moreover, they have accumulated rich experiences of polar- 
ization feature analysis and measurement. For micro-Doppler feature identification, 
Xidian University, National University of Defense Technology, and Tsinghua Uni- 
versity have performed a number of effective researches. They have gained valuable 
experiences in the analysis, extraction, and classification of micro-Doppler features, 
which have been applied well in narrowband radar for classification and identifica- 
tion of jet airplane, propeller-driven aircraft, and helicopter. In the real applications 
of radar target identification, a radar manufacturer and Xidian University jointly 
developed a signal processor, which has preliminary classification and identification 
functions (assistant artificial judgment) based on narrowband (L band) and wide- 
band (C band) signal echo. The processor is tested to be able to identify jet airplane, 
propeller-driven aircraft, and helicopter. Overall, the study on target identification 
theory gained more achievements about classification than identification. For iden- 
tification, the effective accumulation of large scale template library is still required. 

We have investigated a number of active explorations in the field of target iden- 
tification. In 2006, we used a metric wave radar system for data acquisition of civil 
aviation jet airplanes, propeller-driven aircraft, and helicopters. The analysis based 
on these effective data of near 200 tracks shows that the target classification and iden- 
tification method based on multiple modulation features can achieve identification 
accuracy of 90% or more for the targets as the jet airplane, the propeller-driven air- 
craft, and the helicopter. In 2011, we further used a 3D radar to collect the measured 
data of near 300 tracks of helicopter and levitated globular reflector, and validated 
the effectiveness of extraction and selection methods for typical modulation features. 
Moreover, we proposed a modification solution for the radar operating parameters 
to improve its target identification capability. In 2012, a radar prototype was used to 
gather the measured data of near 500 tracks of aircraft targets. Based on the modu- 
lation features such as spectral line interval and waveform entropy, the classification 
and identification accuracy for jet airplane, propeller-driven aircraft, and helicopter 
targets could be up to 90%. In 2012, a P-band phased array radar acquired the mea- 
sured data of ballistic missile targets. Based on the statistic features of RCS, energy 
entropy features, and time-frequency analysis, the radar could distinguish warhead 
group targets from missile body targets effectively. During the observation of “Light 
Star 3” of North Korea, the radar realized successfully the classification of the rocket 
and separator based on the trajectory features. In addition, a metric wave radar proto- 
type collected a large quantity of single-frequency single-polarization measurement 
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data in 2012 and 2013. The data analysis shows that the classification and identi- 
fication accuracy of multi-feature synthesis identification method for jet airplane, 
propeller-driven aircraft, and helicopter targets is better than 90%. Meanwhile, the 
dual-polarization (horizontal polarization and vertical polarization) data were also 
gathered. The effective judgments of bulk, thickness, scattering-point number, and 
symmetry of targets were realized through extracting polarization invariables of 
polarization scattering matrix. The resonance data of typical targets were also col- 
lected through frequency sweep to verify the effectiveness of the methods for resonant 
frequency feature extraction and analysis. 


8.1.2 Target Classification and Identification Process 
in Metric Wave Radar 


For metric wave band, the majority of targets fall in resonance scattering region. In 
this case, the analysis of principle information such as shape, size, and symmetry of 
target can be made based on “poles”. Within the resonance region, the RCS of target 
varies rapidly with the frequency of detection signal, appearing the wave characteris- 
tics with spikes and notches. The strong scattering represented by spikes is the result 
from the resonance between the operating frequency of radar and the inherent fre- 
quency of target. The set of the frequencies at all spikes reflect the inherent frequency 
structure characteristics of target, that is, the poles of target. The radar can extract 
pole feature through frequency sweep mechanism as well as micro-Doppler mod- 
ulation feature through transmitting high PRF waveform. For polarization feature 
extraction, it could be achieved by transmitting horizontal and vertical polariza- 
tion waveforms in time-sharing and receiving dual-polarization signals at the same 
time. Through synthesis, extraction, selection, and classification of time domain, fre- 
quency domain, and polarization domain features of target, the resonance frequency 
identification (also called as pole identification) decision, micro-Doppler modulation 
identification decision, and polarization identification decision can be obtained. 

The target classification and identification process are shown in Fig. 8.1. For a 
target with an uncertain attribute, the operator sends an target identification request 
and then the radar receives and stores the target attributes sent back from the responder 
of cooperative target. For an uncooperative target, the radar will switch into the target 
classification and identification processing mode, that is, the identification waveform 
is transmitted to the target and then the target echo is received. After pre-processing 
and synthesis feature extraction and making synthesis decision based on the obtained 
target features, the result will be sent back to the operator. 

The key point of target classification and identification is the effective feature 
extractions. The radar characteristics of target embody in the amplitude, phase, fre- 
quency, and polarization of the target’s backscattered echo signal. The radar charac- 
teristics of target echo are closely relative to the physical features of target (electro- 
magnetic characteristics of size, shape, and material), radar parameters (transmitted 
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Fig. 8.1 Target classification and identification process in radar 


signal form, polarization mode, radar operating mode, and so on), and detection envi- 
ronment (range, jamming, and weather). The radar must make comprehensively use 
of the information in Doppler domain, frequency domain, and polarization domain 
to conduct target classification and identification. The Doppler domain information 
is straightly relative to the motion characteristics of target, and the frequency domain 
information and the polarization domain information are embodied by RCS of target. 


8.2 Feature Extractions 


8.2.1 Basic Motion Features 


8.2.1.1 Height 


The height of aircraft target is usually below 30 km. The height of tactical ballistic 
missile is lower than 350 km. The height of near space target is in the range of 
30-100 km. The space target has the greatest height among them, and the height of 
high-orbit satellite can reach up to several thousands of kilometers or even tens of 
thousands of kilometers. 


8.2.1.2 Velocity 


The velocity of aircraft target is usually within 3 Mach. The velocity of near space 
target is 5-20 Mach. The velocity of tactical ballistic missile is 3-20 Mach. The 
velocity of space target has faster velocity. The velocity of space target is commonly 
in the range of 20-30 Mach. 


260 8 Target Classification and Identification Techniques ... 


Table 8.1 Kinematic Type Height Velocity (Mach) | Target type 
features of airplanes 

(km) 

1 <10 <0.8 Propeller-driven 
aircraft 

<5 <0.3 Helicopter 

Uncertain | About 2 Jet airplane 

5-13 0.5-1 Civil Jet airplane 


The typical kinematic features of jet airplane, propeller-driven aircraft, and heli- 
copter are given in Table 8.1. 


8.2.1.3 Change Rate of Height 


The height of airplane target changes slowly and the absolute value of height change 
rate is smaller than 0.6 km/s commonly. When the height of tactical ballistic missile 
ranges 0-100 km, its vertical motion is dominant with the absolute value of height 
change rate beyond 0.6 km/s. The orbit height of space target is stable generally, with 
a weaker height change. 


8.2.1.4 Change Rate of Horizontal Position 


The target’s horizontal velocity satisfies 
Uh = 4 V? — v2 (8.1) 


where, v and v, are the target’s velocity and vertical velocity, respectively. 

The change rate of height and the change rate of horizontal position should be 
used in the limited scenes. For maneuverable aircraft targets, there is no fixed relation 
between the change rate of height and the change rate of horizontal position; the near 
space target mainly makes horizontal movement, the absolute value of the change rate 
of horizontal position is generally greater than that of the change rate of height; the 
ballistic missile is in vertical motion commonly below 100 km, so that the absolute 
value of the change rate of horizontal position is generally smaller than that of the 
change rate of height. 


8.2.1.5 Acceleration Change Curve 


The change curve of acceleration reflects the maneuver of target. The acceleration of 
conventional aircraft target shows a very slow change. The tactical ballistic missile 
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has different accelerations in boost phase, unpowered phase, and reentry phase, but 
there is only a small change in the same phase. The near space target makes long 
endurance flight usually along inertial trajectory or boost-glide trajectory, thus large 
change in its acceleration occurs, and the track of target shows “leapfrogging”’. 


8.2.2 Resonant Frequency Features 


The same target shows different scattering features for the incident electromagnetic 
waves of different frequencies. On the basis of the relation of the incident wavenum- 
ber of k = 2x f/c and the target’s feature size of a, the scattering characteristics of 
target can be divided into three types: Rayleigh region scattering (ka < 1), resonance 
region scattering (1 < ka < 10), and optical region scattering (ka > 10), as shown 
in Fig. 8.2. 

The Rayleigh region, also called as low frequency region, is characterized by very 
small feature size of target compared with radar wavelength. In this region, RCS of 
target increases as wavelength decreases, in direct proportion to the forth power of 
frequency. However, for most military applications, the wavelength is usually smaller 
than the size of object. 

The optical region is also called as high frequency region. The ka is generally 
assumed to be satisfied withka > 10. Within the region, the electromagnetic coupling 
between different portions of target is small, satisfying the locality principle. The 
scattering characteristics of target can be formed by coherent overlapping of some 


RCS/(nr2) (dB) 


ka = 2nr/d 


Fig. 8.2 Curve of perfect conducting sphere RCS varied with radar wavelength 
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independent scattering centers on target surface, which is very important for the 
shape feature extraction of target. 

The resonance region is also called as Mie scattering region. The ka is generally 
considered as to be 1 < ka < 10. In this region, the incident wavelength and the 
target size are in the same order of magnitude. With wavelength decreasing, RCS 
presents oscillating attenuation characteristics. It can be seen from Fig. 8.2 that, in 
the resonance scattering region, the RCS of target generates oscillation phenomenon 
with the frequency. The set of frequencies at oscillation peaks (its magnitude is 
depended on the operating frequency range of radar or the signal bandwidth) reflects 
the inherent frequency characteristics of target. The frequencies at the peaks are 
called as the poles of target. These poles only rely on the shape, size, and material 
of target, and these features in resonance region can be effectively applied in target 
r identification for the radar. 

There are generally two research contents for target identification by use of the 
pole features. One is to directly extract target poles from radar echo as the features 
for matching. The other one is to synthesize a characteristic waveform as the char- 
acteristic signal for storing in library. The identification process is that the received 
target echo is made convolution computation with the stored characteristic waveform 
and the type of target is determined according to the desired output of convolution 
result. 

For example, an electromagnetic simulation is performed on the electromagnetic 
model of a typical aircraft shown in Fig. 8.3, and the simulation parameters of the 
aircraft are given in Table 8.2. 

Figure 8.4 gives the curves of echo amplitude varying with frequency about the 
aircraft at different elevations. The simulation environment is set to be far-field and 
the elevation is set in the range of 0-20°. It can be seen that the cross-polarization 


Fig. 8.3 Electromagnetic 
simulation model of a typical 
aircraft 


WN 


Table 8.2 Identification related parameters of a typical aircraft 


Aircraft type Length (m) | Wingspan (m) | Height (m) | Max cruise Practical 


velocity ceiling (m) 
(Mach) 
A typical 18.9 13.56 5.08 2.25 19,812 


aircraft 


8.2 Feature Extractions 263 


Horizontal polarization component HH vs Veritcal polarization component VV vs 
frequency, at azimuth of 3 5 frequency, at azimuth of 3 
10 
0 
-5 
T T -0i 
no} no} A 
T 3" 
S S -20 a 
= = ie) 
£ £ -25 j 3 
< L 30 6 
10 
-35 .15 
i , : à , i o le EI. 20 
50 55 60 65 70 75 50 55 60 65 70 75 
Frequency (MHz) Frequency (MHz) 
(a) HH component (b) VV component 
Horizontal polarization component VH vs Veritcal polarization component HV vs 
frequency, at azimuth of 3 g frequency, at azimuth of 3 
3 S 
v (o) 
3 3 2 ul 
F re 4 
i .3 
< 14 = 4 
„5 .5 
— El. 10 f —— El. 10} 
—— El 15 —— El. 15 
-20 l , B El. 20 -20 , , plie El. 20 
50 55 60 65 70 75 50 55 60 65 70 75 
Frequency (MHz) Frequency (MHz) 
(c) VH component (d) HV component 


Fig. 8.4 Curves of echo amplitude varying with frequency about a typical aircraft at different 
elevations 


components of HV and VH are nearly equal and the HH component does not change 
with elevation basically. The VV component is above 0 dB, and the RCS frequency 
response curve does not present a large change while the elevation in the range of 
0-5°. Therefore, a small elevation change only produces a few effect on target poles. 

Figure 8.5 shows the curves of echo amplitude varying with frequency about the 
aircraft at different azimuths. It can be seen that the echo amplitude of co-polarization 
components (HH and VV) of target produces significant oscillation phenomenon with 
frequency, and a small azimuth change only produces a small effect on target poles. 

It can be seen from above that, in a certain angle range, the poles present slight 
changes with azimuth and elevation. Therefore, the resonance frequency charac- 
teristic can be taken as the important feature to effectively identify typical fighter 
targets. 
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Fig. 8.5 Curves of echo amplitude varying with frequency about a typical aircraft at different 
azimuths 


8.2.3 Micro-Doppler Modulation Feature 


Micro-motions are involved in target detection, such as the rotation of helicopter 
rotor, the rotation of propeller blades, and the precession of warhead. The periodical 
modulation of rotation parts on target echo could be well applied in target identifica- 
tion. Currently, this kind of study mainly focuses on the target in optical scattering 
region. The setup of modulation echo model of rotation parts is based on the lin- 
ear overlapping of the models of strong scattering points. When rotation part falls 
in resonance region, the physical size of target is in the same order of magnitude 
as incident wavelength. The phase of incident field changes significantly along the 
length of target. Each portion of scatter makes effects on other portions. The total 
result of mutual effects of all scatter portions determines the final current density 
distribution. Here, the mathematical model based on “scattering point” is no longer 
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applicable. Thus, for the micro-motion effect of rotation parts of airplane target in 
resonance region, the electromagnetic simulation software is required currently to 
simulate the rotation parts in resonance region and generate echo data for theoretical 
analysis. 

Figure 8.6 shows the electromagnetic scattering models of rotation parts of typ- 
ical aerodynamic targets. Through electromagnetic simulation, the echoes of these 
models in optical region and resonance region can be obtained. The time-domain 
modulation echoes obtained is shown in Fig. 8.7. 

It can be found from Fig. 8.7 that, compared with optical region, the peaks of 
modulation echoes from target in resonance region are expanded obviously. The 
superposition of large sidelobes near the dominant peak makes the echo modulation 
characteristic produce a great change. The sidelobes between the dominant peaks of 
helicopter echoes become large markedly in resonance region due to the influence 
from the superposition of large sidelobes. However, the echo modulation character- 
istic of propeller-driven aircraft becomes weak evidently. The echo from jet airplane 
approximates a straight line, just being modulated very slightly. 

Figure 8.8 depicts the frequency spectrum of rotation parts of typical aerodynamic 
targets. It can be seen that these three types of aerodynamic targets present significant 
differences. The number of spectrum lines of helicopter is the most. The jet airplane 
has the least spectrum lines, and the Doppler spectrum nonoverlapping condition can 
not be satisfied except for high PRF. In resonance region, the three types of targets 
are still different in their modulation characteristics and the frequency spectrum 
nonoverlapping condition can be satisfied in low PRF. 

Through the above simulations and analysis, it is feasible that the metric wave 
radar uses micro-Doppler modulation features to classify aerodynamic targets. Here- 
after, we will give brief descriptions of the typical modulation features. 


(a) Jet air plane (b) Propeller (c) Helicopter 


Fig. 8.6 Electromagnetic scattering models of rotation parts of aerodynamic targets 
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Fig. 8.7 Time-domain echoes from rotation parts of typical aerodynamic targets 
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Fig. 8.8 Frequency spectrum of rotation parts of typical aerodynamic targets 
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8.2.3.1 Spectral Line Interval 


Electromagnetic wave generates a series of spectral lines due to the periodical mod- 
ulation by propeller blades. The relationship between the modulation period and the 
interval of spectrum lines can be written as 


fr=P-N-f (8.2) 


Here, N is the number of blades (when N is an odd number, P = 2; when N is an 
even number, P = 1), f, is the rotation speed of blades. 

The interval of spectral lines reflects the periodic feature of modulation spectrum. 
The number and rotation speed of blades of modern aircraft are designed to be optimal 
in aerodynamics and the rotation speed is usually constant in normal cruise. Thus, 
for specific types of aircraft and radar, their periodic feature of modulation spectrum 
fr is fixed. Generally, the interval of spectral lines of helicopter is 10-50 Hz, the 
interval is 60-300 Hz for propeller-driven aircraft, and the larger for jet airplane. 


8.2.3.2 Spectral Line Width 


The Doppler shift will be created between the linear velocity of the end of rotation 
part and the radial projection velocity of radar. The spectral line width reflects the 
shift. It is defined as 


_ 4n- P- f,-L-cosp 
E À 


B (8.3) 


where, L is the effective length of blade, 6 is the elevation. 
Hence, the feature is the comprehensive reflection of the linear velocity of the end 
of rotation blade and the transmitted frequency of radar. 


8.2.3.3 Number of Spectral Lines 


The number of spectral lines reveals the position and attitude of aircraft in a certain 
extent. It is defined to be 
82 -L-cos 
Ni = e (8.4) 
N-2X 


The number of spectral lines reflects the modulation effect of rotation blade. 
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8.2.3.4 Features Based on Empirical Mode Decomposition 


The features based on empirical mode decomposition (EMD) mainly include the 
waveform entropy, the center moment, and the energy ration. Forasignal x = {x; ye ; 
the waveform entropy takes the Doppler-domain waveform entropy of the first EMD 
component Mj, as the feature, which is defined as 


N 
Sentropy EE X: Pi log(pi) (8.5) 


{=l 


where p; = x;/ pan Xi. 

The waveform entropy feature can be used to reveal the energy distribution; the 
more centralized the energy, the smaller the entropy. 

The center moment takes the second-order center moment of M, (the Doppler 
spectrum of the sum of the rest EMDs except for the first EMD). It is defined as 


N 
u =Y (i — in)? (8.6) 
i=l 
pes ; NA z 
where, xy = = —, io = ae i - x;. The second-order center moment feature in 


NX; 
Doppler domain reflects the deviation of target echo in Doppler domain with respect 
to its geometric gravity center. 

The energy ratio takes the specific value of M; and M,. It reveals the relation of 
fuselage component and micro-motion component. It is defined by 


E(M;) _ ||Mille 
E(M,) M, Ilo 


(8.7) 


8.2.3.5 4D Features Based on Singular Value Decomposition (SVD) 


The first-dimension feature is taken to be the number of large eigenvalues with the 
signal energy of 98% and the noise energy of 2%. That is 


i Ne 
fi = arg o XIS n= os) (8.8) 
i n=1 n=1 


The second-dimension feature is taken to be the self-adjusting period factor. It is 
defined by 


fa =¢ x ôrperi (8.9) 
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where, ç = ¢/logN., denotes the normalized energy entropy, ¢ = 
— yi Ej log(e;), s = E;/ Ma E;, E; denotes the signal energy used to esti- 
mate the sample of covariance matrix; ô-peri = 1 — Nedperi/(1 — Ne), denotes the 
: : 27 >rNe 42 
normalized period factor, peri = A7/ baa AG. 
The third-dimension feature is the characteristic spectrum, that is 


Ne 


Ne Ne Ne 
fs=— > pilog(pi) = — S| 7/515 | log] a7/ 045 (8.10) 
j=l j=l 


i=1 i=1 


The fourth-dimension feature is taken to be the sum of eigenvalues of the normal- 
ized large eigenvalues, that is 


Ne 
f=) hi (8.11) 
i=1 


8.2.3.6 Phase Modulation Feature 


The relative movement of the airplane rotation blade in high frequency region results 
in relative phase variation of equivalent scatter center, which in turn causes variations 
in amplitude and phase components of complex envelops of echoes. 

The amplitude deviation coefficient is defined by 


ajA 


8a = (8.12) 

Here, a is the mean amplitude, and o, is the amplitude variance. 

The greater its value, the greater the fluctuation of echo amplitude. That means that 
the rotation parts are remarkable for a airplane target. Inversely, the stable fuselage 
components are dominant in target echoes. 

The phase-shift scattering angle is defined by 


1 


Na 1—r?\? 
8p = arctan Wi ae (8.13) 


2 2 
where, r? = | (2% cos(Adi)) + (ee sin(Adi)) i N, is the number of 


effective echoes when antenna scanning over the aircraft, Ag; is the pulse-to-pulse 
phase variation. They both can reflect the aircraft complexity in a certain context, 
that is, the structural and proportional relation of rotation parts and fuselage. 
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8.2.3.7 Fractional Brown Fractal Dimension Feature 
Amplitude fluctuation is viewed as the result of random walks and satisfies that the 
amplitude difference obeys zero mean value. The variance is the Gaussian distribution 
of fractal exponent of time difference, that is, the variance of pulse-to-pulse amplitude 
variation is in inverse proportion to the fractal exponent of time difference. The 
fractional Brown fractal dimension is defined as 

In[var{a(t + Ar) — a(t)}] = 2H - In(Ar)+C (8.14) 
where, a(t) is the amplitude, Ar is the time interval, C is a constant, and H is the 
slope. This feature is mainly used to identify helicopter target. 


8.2.3.8 Asymmetry 


Define the frequency point in negative frequency region to be x® = 


[ay ee ‘Pils a and the frequency point in positive frequency region to be 
xO = k®, ye tea XO ], then the asymmetry feature can be defined by 


N 
R= 7)) 


i=l 


xD — | (8.15) 


The asymmetry feature reflects the asymmetry of Doppler distributions in negative 
and positive regions, which indirectly reflects the physical structure of aircraft and 
is effective for helicopter identification. 


8.2.3.9 Multi-fractal Features 


For airplane identification based on multi-fractal spectral lines, the symmetric degree 
of mass index is defined by 


maxt(q) 


R, = | (8.16) 


mint (q) 


where t(q) is the mass index. The spectral width is defined as Ao = omax — 
Omin- The fractal dimension difference of the minimax probability subset is Af = 
| f (Omin — f(Omax))|, and the symmetry index is 


=~ Aor, = AOR 


P ees (8.17) 
AOL + Aor 


where, Ao, = 00 — Omin: AOR = Omax — 90. 
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8.2.3.10 Doppler-Domain Integral 


Based on the differences in Doppler domain of jet airplane, propeller-driven aircraft, 
and helicopter, the Doppler-domain curve quadrature can obtain the area of the curve 
and coordinate axis. The value approximatively reflects the magnitude of total energy 
backed from target. It is defined as 


dI = y y; (8.18) 


i=1 


In similar echo collections, because of different shapes, the Doppler integral value 
of jet airplane is the largest, the next is for propeller-driven aircraft, and the smallest 
is for helicopter. 


8.2.4 Polarization Features 


Polarization features are taken commonly from polarization scattering matrix (PSM). 
The elements in the scattering matrix are usually complex. Each of them represents 
an electric field component relative to RCS (measured in power). Its value depends 
on the transmit/receive polarization state, target aspect angle, and scattering charac- 
teristics. Under certain radar aspect angle and incident frequency, a target determines 
a scattering matrix, which can be expressed as 


Sii S12 
S21 S22 


where, the subscripts “1” and “2” denote a set of orthogonal polarization components. 
The first subscript denotes the polarization mode of receive antenna and the second 
denotes the polarization mode of transmit antenna. Let S$; = S$); + S22 and S$; = 
Si; — S22, which denote the trace and the inverse trace of PSM. 

The polarization invariants perfectly determine the backscatter characteristics of 
target at a given orientation and characterize maximum target information obtained 
by radar observation at the line of sight direction. The polarization invariants are 
unchangeable with pitching angle and radar polarization basis, which include the 
scattering matrix determinant, the trace of power matrix, depolarization coefficient, 
eigenpolarization direction angle, and eigenpolarization ellipticity. 
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8.2.4.1 Scattering Matrix Determinant 
The scattering matrix determinant is defined as 
A = det[S] = S11 S2 — Si, (8.19) 
In the case of target rotating around radar line of sight or radar rotating around 
target line of sight, the scattering matrix determinant remains the same. For the line 
target, like a metal wire, A = 0; for isotropy target, such as a metal ball, A = A? (A 
is a real number); for symmetric target, A = S11 S22. Hence, the invariant A could 
generally reflect the target being big or small, and fat or thin. 
8.2.4.2 Trace of Power Matrix 
The power scattering matrix defined by Graves is 
[P] = [S*}"[S] (8.20) 
where, * stands for the conjugate and T represents the transpose. The trace of power 
matrix is unchanged when target rotating around line of sight of radar. It represents 


the total power received by a pair of orthogonal polarization antennas. The trace of 
power matrix of P; can be expressed as 


Pi = [Su]? + [S2 + 215121? (8.21) 
The trace of power matrix characterizes the RCS value of target under full- 
polarization, and is able to reflect the size of target approximatively. 
8.2.4.3 Depolarization Coefficient 
Depolarization coefficient is defined by 


SiP O aS? + 21121? 


D=1 = 
2P, [Su + [S2] + 218121? 


(8.22) 


Both Sı and P; are the polarization invariants, so is the depolarization coeffi- 
cient reflects the number of target scattering centers approximatively. For isolated 
scattering center, D is commonly smaller than 0.5. The large value (0.5 < D < 1) 
corresponds to the combinative target with multiple scattering centers generally. 
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8.2.4.4 Eigen Polarization Direction Angle 


Eigen polarization direction angle is defined to be 


2Re(S*S 12) 
Re(S*S2) 


1 
Pa = ~arctg (8.23) 


2 


where Re(-) is the operator of taking real part. 
Eigen polarization angle reflects the polarization direction of target. 


8.2.4.5 Eigen Polarization Ellipticity 


Eigen polarization ellipticity is expressed by 


1 j2 
Td = zarete 5 12 (8.24) 


where S}, = Sı2cos(294) — 5Ssin(2gy). 

The feature of eigen polarization ellipticity represents the symmetry of target. 
Among the above five polarization invariants, the eigen polarization direction angle 
and the eigen polarization ellipticity are relative to the eigen problem of scattering 
matrix. The eigen polarization is the input polarization that can make the output 
coincident with the input. At this time, the corresponding scattering matrix is called 
as eigen polarization scattering matrix of target and can be expressed by 


[Sly = | a | 
0 Az 
where both à; and àz are the eigenvalues. 

Any target has eigen polarization direction angle and the eigen polarization ellip- 
ticity. When the transmitted polarization matches with the eigen polarization of target, 
the target echo polarization direction parallels to the transmitted polarization direc- 
tion. The maximum RCS and the minimum RCS of target are A; and Az respectively. 
The eigenvalues do not vary with target rotating around the line of sight of radar 
or polarization basis, so that the eigen polarization direction angle and the eigen 
polarization ellipticity also have the polarization invariability. 

Figure 8.9 shows the feature distributions in two-dimensional polarization plane 
of the determinant and the trace of power matrix for F-22 and Boeing 737 based on 
electromagnetic simulation computation. It can be seen that the determinant and the 
trace of power matrix of conventional jet airplane are obviously larger than those of 
the stealth aircraft F-22. 
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8.3 Target Classification and Identification 


The classification and identification methods for aerodynamic targets can be divided 
in the following categories: 


(1) The methods based on target movement features, mainly make use of such 
information as velocity, height, and acceleration. The precision of this kind 
of methods relies on the velocity measurement precision and height finding 
precision of radar. 

(2) Based on target RCS features. RCS is suffered from large influence of target 
aspect and the statistic characteristics of single-echo RCS and serial-echo RCS, 
which require the long observation time and large storage space. For fast aircraft 
targets, therefore, there are limitations in direct use of RCS features in target 
classification. 

(3) Identification based on resonant frequency features, also called as identification 
based on pole features. As the most important foundations for radar target identi- 
fication are in resonance region, the poles are determined by the characteristics 
of target itself such as shape, size, material, and so on, independent of radar 
polarization modes. The method can reveal the intrinsic frequency structure of 
target. 

(4) Based on micro-Doppler modulation features. The periodical movements of 
propellers, rotation blades, or rotors of dynamic targets such as propeller-driven 
airplane, jet aircraft, or helicopter, will produce periodical modulation on radar 
echoes. There are very different periodical modulation spectrums for different 
targets. These methods could be found the wide applications in the classification 
and identification of propeller-driven airplane, jet aircraft, and helicopter. 

(5) Based on target polarization features. This kind of methods commonly classify 
the targets into spheroid, dipole, two-faced right angle reflector on the basis of 
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target polarization or characteristic polarization information defined by PSM. 
The extraction method requires the radar to have dual-polarization transmit and 
receive. With the development of the foundational theory and technology of 
radar polarization measurement, more and more attentions are paid to this class 
of methods. 


8.3.1 Decision Synthesis 


The essence of target classification and identification is to make a judgment about 
the type of target based on the given eigenvector. The decision-making criteria are 
determined by the decider, as illustrated in Fig. 8.10. There are two major methods 
to design the decider: determinate discriminant and statistic discriminant. The real- 
ization of the former is simple, with representative methods such as decision tree and 
nearest-neighbor. This sort of deciders requires more prior knowledge about target 
features. In addition, the radar echoes of airplane targets usually have the property 
of statistics, thus the statistic discriminant could be applied in the classification and 
identification for this sort of targets. However, the statistic judgment method based 
on probability model relies strongly on prior knowledge. 

An effective means of removing prior uncertainty is to use special training algo- 
rithms to conduct iterative learning. The training algorithms include two sorts: the 
supervised and the unsupervised. The former is employed here, that is, the training 
sample of the target is known in the learning process. The typical kernel classifier, 
for example, the support vector machine, has found wide and successful applications 
in target identification. 

Classification and identification of three typical aerodynamic targets can be con- 
structed as a multi-class pattern recognition problem: the input sample is x, and the 
output is the corresponding label of the vector, namely 


Decider 


Feature space description Statistical theory description 


Determinate discriminant Statistic discriminant 


Based on Based on 
discriminant function feature space distance 


Generalized 


Decision AER Nearest- F Bayes 
discriminant E K-neighbor ond 
tree Anchon neighbor = classifier 
High requirement Easy realization but poor extendibility High requirement High requirement 
for sample distribution for prior knowledge for classifier 


Fig. 8.10 General decider for target classification and identification 


276 8 Target Classification and Identification Techniques ... 


1, Propeller-driven aircraft 
y = } 2, Helicopter (8.25) 
3, Jet airplane 


Once master the mapping rule from input x to output y, the automatic classification 
and identification of target can be achieved. The radar can make comprehensive use 
of motion feature, resonant frequency feature, polarization feature, and modulation 
feature to conduct synthesis judgment. Modulation feature, as the main classifica- 
tion feature, is used for the judgment of jet airplane, propeller-driven aircraft, and 
helicopter. As the fine features, resonant frequency feature and polarization feature 
provide the principle information about structure, size, and inherent frequency of 
target through matching with the classification and identification database, which 
can be used for the judgment of the aircraft type. 

Modulation feature judgment is complemented by SVM classifier. In practical 
applications, the multi-class problem is commonly translated into sub-problems of 
multiple binary classifications. Here, take the linear SVM as an example to expa- 
tiate its training process. For the samples {x;, y;}/_,, its classification decision is 
determined by 


yi = sign(w’ -x; +b)i=1,...,n (8.26) 


where, w and b are weight and bias. The optimal combination can be solved through 
the following quadratic programming problem: 


min zw? st. yw” -x +b) >= 1, i= 1, (8.27) 


The complete target classification and identification process can be divided into 
two steps: training and testing. In the training process, w and b are obtained by 
solving the provided samples {x;, y;}, and namely, the decider model is obtained. 
After training, the model is used to make prediction of the unknown test samples to 
make decision of the target type. Figure 8.11 depicts the performance test strategy 
of classification and identification of airplane targets: 


(1) Divide the eigenvectors set into independent training set and test set (at a pro- 
portion of 1:4); 

(2) Perform model leaning on the training set, and save the obtained decider model; 

(3) Use the obtained model to make class prediction of the samples in the test set; 

(4) Make comparison between the predicted class and the practical class to test the 
accuracy of the decider model; 


Repeat the above steps till to achieve stable statistics performance. 

There are two important indexes to measure the performance of classification 
and identification algorithms: accuracy and variance. The former characterizes the 
accuracy of classification and identification algorithms, and the latter measures the 
stability of algorithm. The smaller the variance, the more stable the algorithm. 
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Repeat 100 times 


Fig. 8.11 Block diagram of performance test of airplane target classification and identification 
system 


Taking comprehensive use of multiple features, the criterions of radar judging jet 


airplane, propeller-driven aircraft, and helicopter are as follows: 


(1) 


(2) 


(3) 


Jet airplane: If the extracted modulation features are effective, the judgment of a 
target being a jet airplane is given when the output from the modulation feature 
classifier is 3. In aerodynamic targets, the target with the flight at a stable velocity 
over 1 Mach is determined to be a jet airplane. When the flight height is more 
than 10 km, the target is determined to be the jet airplane. When its polarization 
feature and resonant frequency feature match with the characteristic parameters 
of the jet airplane target in the classification and identification database, the 
target is judged to be a jet airplane. 

Propeller-driven aircraft: If the extracted modulation features are effective, the 
judgment of a target being a propeller-driven aircraft is given when the out- 
put from the modulation decision classifier is 1. When its polarization feature 
and resonant frequency feature match with the characteristic parameters of the 
propeller-driven aircraft target in the classification and identification database, 
the target is judged to be a propeller-driven aircraft. 

Helicopter: If the extracted modulation features are effective, the judgment 
of a target being a helicopter is given when the output from the modulation 
decision classifier is 2. When its polarization feature and resonant frequency 
feature match with the characteristic parameters of the helicopter target in the 
classification and identification database, the target is judged to be a helicopter. 


In addition, the synthesis decision-making module makes synthesis of multiple 


features and then gives the decision about the type of aerodynamic target. 


8.3.2 Data Analysis 


In this section, the ability to extract resonant frequency features, polarization features, 
and micro-Doppler features is firstly demonstrated on the basis of the measured 
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data of a metric wave radar. And then the classification and identification of jet 
airplane, propeller-driven aircraft, and helicopter are made based on the extracted 
target features. 


8.3.2.1 Resonant Frequency Data Analysis 


Figure 8.12 shows the frequency resonance curves of two data sets of civil aviation 
airplane. Compared with the frequency resonance curve acquired from electromag- 
netic simulation model of Boeing 737, the three curves are very approximative in 
both amplitude and pole position. Because the measured target and the simulated 
target are similar in physical size and structure, their frequency resonance curves are 
also in very close. 

For analyzing the frequency resonance characteristics of stealth target under dif- 
ferent azimuth angles, the resonance response curves of HH and VV principle com- 
ponents of a typical stealth aircraft are simulated. The results are given in Fig. 8.13. 
In the figure, the azimuth angle of 0° means that the radar line of sight aims at the 
nose cone direction of aircraft. The azimuth angle of 90° corresponds to the line 
of sight of radar against the side of aircraft. The azimuth angle of 180° represents 
radar illumination at the direction of aircraft tail. The statistical values of position 
and amplitude of each pole is given in Tables 8.3 and 8.4. 

Table 8.3 gives the resonance frequency statistics in horizontal polarization of 
a typical aircraft under elevation of 0°, which reflects the horizontal structure 
characteristics of the target. This typical aircraft is left and right symmetrical in 
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Fig. 8.12 Frequency resonance curves of measured data and simulated data of Boeing airplanes 
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Fig. 8.13 Resonance 
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VV channels of a typical 
aircraft under typical 
azimuth angles 


Amplitude (dB) 


Amplitude (dB) 


Amplitude (dB) 


Amplitude (dB) 


Amplitude (dB) 


279 


EI.0 Az.0 VV component 


Frequency (MHz) 
(i) 180°HH component 


i EI.0 Az.0 HH component 0 
6 _ 5 BM E S 
4 @ -10 Z 
7 kA Xe 
= = van 
o vo % a15 
al Z NE E 
i Ta 
a Fial, m 
a Ves | P 
50 55 60 65 70 75 50 55 60 65 70 75 
Frequency (MHz) Frequency (MHz) 
(a) 0°HH component (b) 0°VV component 
ö EI.0 Az.60 HH component ü El.0 Az.60 VV component 
Ma 
-2 eas 5 eer 
— 
4 ee a xn 
mE 2 Ad x57 yeaa 
b Yeas 
‘ f 13 
xe 2 -15 
8 vaz 
z < 
-10 eN 2 Eor 
vons eee 
-12 = -25L 
50 55 60 65 70 75 50 55 60 65 70 75 
Frequency (MHz) Frequency (MHz) 
(c) 60°HH component (d) 60°VV component 
P El.0 Az.90 HH component a El.0 Az.90 VV component 
a- 
45 = Pa A < 
4 yaa NN xe 6 anr 
3.5 r wa 
3 2 
© 
25 32 
2 a 
15 5 0 
1 2 
0.5 xs 
0 4 i 
50 55 60 65 70 75 50 55 60 65 70 75 
Frequency (MHz) Frequency (MHz) 
(e) 90°HH component (£) 90°VV component 
10 EI.0 Az.150 HH component 4 ada eh Vv component 
a Ca - 2 Tasas 
3 os Tess en 6 
7 i T 2 
D 
8 £ @ 4 
5 Em 3 
4 xe E 
ie 2 
3 " < 
2 a0 n 
i 42 tia | 
0 -14 
50 55 60 65 70 75 50 55 60 65 70 75 
Frequency (MHz) Frequency (MHz) 
(g) 150°HH component (h) 150°VV component 
š EI.0 Az.180 HH component x E1.0 AEGON: component 
e 3 Trwm 
4 _ 4 
2 2 + 
v 
0 3g 4 
2 a7 
F £ 
4 Aas NE 
A oI 
-8 -101 
50 55 60 65 70 75 50 55 60 65 70 75 


Frequency (MHz) 
(j) 180° VV component 


280 8 Target Classification and Identification Techniques ... 


Table 8.3 Extreme point distribution of HH component of a typical aircraft at different azimuth 
angles 


Azimuth Peak value 1 Peak value 2 Peak value 3 

©) Frequency | Amplitude | Frequency | Amplitude | Frequency | Amplitude 
(MHz) (dB) (MHz) (dB) (MHz) (dB) 

0 55 —0.2762 65 6.26 - - 

60 59 —0.9859 - - 72 —4.801 

90 56 4.491 69 4.974 - - 

150 55 9.426 64 9.393 74 8.451 

180 - - 65 6.081 - - 


Table 8.4 Extreme point distribution of VV component of a typical aircraft at different azimuth 
angles 


Azimuth (°) Peak value 1 Peak value 2 
Frequency (MHz) | Amplitude (dB) | Frequency (MHz) | Amplitude (dB) 
0 55 —6.182 71 —1.92 
60 57 —12.18 68 —6.343 
90 65 6.717 - - 
150 61 3.835 = = 
180 6l —2.184 - - 


its structure, so that almost the same poles appear when azimuth angles are 0° and 
180°. 

Table 8.4 shows the resonance frequency statistics in vertical polarization of a 
typical aircraft. The extreme points reflect the vertical structure characteristics of 
the target. When the elevation is 0°, the projection of vertical structure of a typical 
aircraft with respect to the line of sight of the radar is almost aptotic. As a result 
of different shielding effects of the wings, and etc., however, the distributions of 
resonant frequency points of VV component are few different at different azimuth 
angles. 

From the above analysis, we can see that the resonant frequency feature directly 
reflects the principle information of target including its structure, and etc. The dis- 
tribution of resonant frequency points at different azimuth angles can reflect the 
overall structure status of target, which provides important support for classification 
and identification of target. 


8.3.2.2 Polarization Feature Data Analysis 
To prove the possibility to pick up the polarization feature, the electromagnetic 


simulation software is used to generate the dual-polarization data of three types of 
aircrafts including MTA, Drone, L15. MTA is a multi-purpose large transporter, 
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Drone is an unmanned aerial vehicle (UAV), and L15 is an advance training plane. 
Their size parameters are given in Table 8.5. 

In Table 8.5, the three types of aircraft are arranged in a descending order according 
to their length, width, and wingspan. From the aspect of “thickness and thinness” 
(refer to fuselage width), MTA transporter is the most “thick”, the second is Drone 
UAV, and L15 training plane is the “thinnest”. As for the determinants of their 
polarization scattering matrixes, in theory, MTA transporter is the most, the next is 
Drone UAV, and L15 training plane is the least. From the point of view of “big and 
small” (by reference to fuselage length), MTA transporter is the “longest”, Drone 
UAV is the next, and L15 training plane is the “shortest”. Therefore, as for the traces 
of their power matrixes, MTA transporter is the most, the next is Drone UAV, and 
L15 training plane is the least. 

Figure 8.14 shows the two-dimensional feature distributions of polarization invari- 
ants at successive 26 integral frequency points within the radar frequency range under 
typical azimuth and elevation. It can be seen that high separability on the three types 
of targets is achieved based on the polarization invariants in the case of azimuth of 0° 
(at the direction of nose cone). For further analysis of classification and identifica- 
tion capability of the polarization invariants on the three types of targets, the statistic 
results of the eigenvalues at each integral frequency points (26 points in total) are 
given in Table 8.6. 

From Table 8.6, the average value of the PSM determinants at different frequency 
points is the greatest for MTA transporter, the least for L15 training plane, and Drone 
UAV is the medium. The results are consistent with the theoretical computation. 
The average traces of power matrix at 26 integral frequency points accord with 
the relationship of MTA transporter the greatest, Drone UAV the next, and L15 
training plane the least. The results also coincide with the theoretical computation, 
indicating that the eigenvalues can measure directly the structure information about 
the size dimension of target. The average the depolarization coefficients at 26 integral 
frequency points also follow the relationship of that MTA transporter is the greatest, 
Drone UAV is the next, and L15 training plane is the least. This results accord with 
the theoretical computation. MTA transporter is complex in structure; its vertical tail 
makes the number of scattering centers significantly increase. The structure of L15 
training plane is the most simple and its depolarization coefficient is also the least. 
Both eigen polarization direction angle and eigen polarization ellipticity reflect the 
symmetry of target at a certain extent. 


Table 8.5 Size information of three types of aircraft 


Type Length (m) Width (m) Wingspan Height (not including 
(m) undercarriage) (m) 

MTA transporter 42.35 39.76 17.29 12.87 

Drone UAV 95 14.05 6.4 1.8 

L15 training plane | 7.59 5.28 1.92 215 
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Fig. 8.14 2D feature distribution of polarization invariants under azimuth of 0° 


The RCS is the greatest when azimuth is 90°. Figure 8.15 shows the 2D feature 
distributions of polarization invariants at azimuth of 90° for MTA transporter, Drone 
UAV, and L15 training plane. It can be seen that the high separability on the three 
types of targets is also achieved based on the polarization invariants in the case of 
azimuth of 90° (from the side direction of fuselage). 

For further measuring the differences of the three types of target in the number of 
scattering points of fuselage side and the symmetry, Table 8.7 gives five-dimensional 
polarization invariants of the three types of targets at 26 integral frequency points 
in the radar frequency range. From the table, both the eigen polarization direction 
angle and the eigen polarization ellipticity of the three types of targets are increased 
greatly compared with those in the case of azimuth of 0°, which indicates that the 
asymmetry of side fuselage increase significantly. 
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Table 8.6 Eigenvalue distribution of polarization invariants of three types of target under azimuth 


of 0° 
Polarization invariant Type Mini value Max value Mean value 
Value of determinant MTA transporter 9.3296 6.2525 
Drone UAV 1.9127 1.4419 
L15 training plane 1.6466 0.7712 
Trace of power matrix MTA transporter 18.8383 13.5760 
Drone UAV 10.0779 8.8040 
L15 training plane 4.299 2.3438 
Depolarization MTA transporter 0.0397 0.9697 0.7148 
epeticient Drone UAV 0.4292 0.5943 0.5344 
L15 training plane 0.1979 0.4731 0.3979 
Eigen polarization MTA transporter —0.0116 0.0108 —0.0015 
direction angle Drone UAV —0.0015 0.0003 —0.0004 
L15 training plane | —0.0003 0.0007 0.0003 
Eigen polarization MTA transporter —0.0136 0.0095 —0.0033 
ellipticity Drone UAV —0.0011 0.0010 0.0001 
L15 training plane | —0.0004 —0.0000 —0.0003 


Table 8.7 Eigenvalue distribution of polarization invariants of three types of target under azimuth 


of 90° 
Polarization invariant Type Mini value Max value Mean value 
Value of determinant MTA transporter 37.9267 351.6079 191.7428 
Drone UAV 3.9651 5.4654 4.6483 
L15 training plane 1.5274 2.1531 1.7511 
Trace of power matrix MTA transporter 132.8602 759.1112 448.9419 
Drone UAV 9.3148 12.4517 10.6615 
L15 training plane 3.4463 4.6524 3.8123 
Depolarization MTA transporter 0.8463 0.9624 0.9138 
boshacient Drone UAV 0.6047 0.6966 0.6413 
L15 training plane 0.8547 0.9633 0.9080 
Eigen polarization MTA transporter —0.0169 0.6099 0.1633 
direction angle Drone UAV 0.0065 0.0567 0.0156 
L15 training plane 0.1283 0.2478 0.2851 
Eigen polarization MTA transporter 0.0066 0.2106 0.1245 
ellipticity Drone UAV 0.0467 0.1105 0.0682 
L15 training plane 0.0407 0.2851 0.1472 
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Fig. 8.15 2D feature distribution of polarization invariants under azimuth of 90° 


It can be found from the above analysis that the polarization invariant can reflect the 
structure characteristics of target, such as “thick or thin’, “big or small”, symmetry, 
and scattering point distribution. The polarization invariants under different azimuths 
and elevations can reflect the whole structure of target. 


8.3.2.3 Modulation Feature Data Analysis 


Figure 8.16 depicts the frequency spectrum of typical jet airplane. As shown in the 
figure, it is difficult to obtain modulation spectrum lines when a jet airplane flies 
backwards the radar station (away from the radar) or makes a tangential flight. While 
in flying towards the radar station, the modulation spectrum lines can be gained, and 
the spectrum lines of each target is relatively stable. 

Figure 8.17 shows the typical frequency spectrum of the propeller-driven aircraft. 
As shown in the figure, the modulation spectrum lines can be obtained when an 
aircraft flies backwards the station, towards the station, or makes a tangential flight. 
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Fig. 8.16 Frequency spectrum of measured data of jet airplane 


Due to the shielding effect of fuselage, there are some differences in the distributions 
of modulation spectrum lines and the amplitude intensities achieved, but the interval 
of spectrum lines is in a stable range. 

As shown in Fig. 8.18, the typical frequency spectrum of helicopter is given. The 
stable modulation spectrum lines can be obtained in all the cases of helicopter with 
the flights towards and backwards the radar station, or tangential flight. 

Through the above analysis, we can see that the micro-Doppler modulation fea- 
tures can be extracted from radar data effectively. 


8.3.2.4 Data Analysis of Aerodynamic Target Classification 
and Identification 


Figure 8.19 shows the two 2D distributions using three features of amplitude devi- 
ation coefficient, frequency-domain entropy, and Doppler-domain integration for 
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Fig. 8.17 Frequency spectrums of measured data of propeller-driven aircraft 


helicopter, jet airplane, and propeller-driven aircraft. From Fig. 8.19a, the Doppler- 
domain integration is the greatest for jet airplane, the next for propeller-driven air- 
craft, and the least for helicopter, which is in accordance with the physical size, 
that is, the echo energy returned from jet airplane is the greatest, the least from 
helicopter. The amplitude deviation coefficient reflects the structural proportional 
relation between the rotation parts and the fuselage. As shown in the figure, the pro- 
portion of helicopter is the greatest, then the propeller-driven aircraft, and the least 
is jet airplane. In Fig. 8.19b, for the frequency-domain entropy feature, the least is 
civil aviation airplane and the greatest is helicopter, which indicates that the echo 
energy from jet airplane target is the most concentrative and the echo energy from 
helicopter is the most dispersive, coinciding with the physical size. 

We can see from Fig. 8.19 that helicopter, jet airplane, and propeller-driven air- 
craft can be differentiated in feature space. The motion feature judgment can make 
auxiliary correction on the results in real time so as to adapt such recognition scene 
that severe shielding effect occurs due to rotation parts of few targets. The frequency 
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Fig. 8.18 Frequency spectrums of measured data of helicopter 
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Fig. 8.19 2D distribution of modulation features of measured data 
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resonance feature and the polarization feature are made match decision with the tar- 
get features in the identification database to achieve decision on the fine information 
about shape, size, symmetry, and etc. 

Using different feature combinations to constitute input vectors can improve the 
classification and identification accuracy of various modulation features on the three 
types of airplane targets. Through comprehensive applications of basic motion fea- 
ture, resonant frequency feature, micro-Doppler modulation feature, and polariza- 
tion feature, selecting appropriate features and making combinations, the radar can 
achieve the classification and identification accuracy beyond 90% on jet airplane, 
propeller-driven aircraft, and helicopter. As a result, target classification and identi- 
fication is able to give reliable output through multi-frame integrated decision. 


8.4 Classification and Identification Database 


The complexity and the scale of the target classification and identification database 
depend on the degree of confidence required by decision-making and the complexity 
of targets. 


8.4.1 Construction Approach 


Target signatures constitute the foundation of target classification and identification. 
Perfect database of target signatures is very important for the target recognition based 
on template matching and feature extraction. Based on difference in the generation 
modes of such characteristic signals, the construction approaches of classification 
and identification database are divided into several kinds as follows: 


(1) Practical measurement on target. Here, the difference between far field measure- 
ment and near field measurement, the influences of clutter and ground reflection, 
the different flight attitudes of target, and the difference in the angle of view 
between radar and target should be taken into consideration. Comprehensive use 
of the time-domain, frequency-domain, and polarization-domain information 
of target is made to perform classification and identification. The characteristic 
signals cover time-domain echo signal or RCS, the frequency spectrum sig- 
nal of target under specific radar operating parameters (carrier frequency, PRF, 
dwell time, SNR, and etc.), the frequency resonance response curve, and the 
polarization scattering matrixes obtained at different azimuths, elevations, and 
operating frequencies under dual-polarization operation mode. The setup of the 
characteristic signal database is of importance for the expansion and update of 
classification and identification function. From each kind of characteristic sig- 
nal, multiple signal features can be derived. There are differences in generation 
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time and scene for various features. The target classification and identification 
present different combining modes at different stages. 

Electromagnetic modeling on target. The approach is based on target’s geomet- 
ric size, shape, and dielectric constant and electrical conductivity of material. It 
is important for this kind of approach to calculate the reflected signal by solving 
the Maxwell equation and extract the scattering features of target according to 
the known incident signal. Commercial software mainly including Feko Suite of 
EMSS Ltd and the CST software of CST workroom could be used to generate the 
characteristic signal of the known model. The simulations technologies in com- 
mon use are the finite difference time-domain (FDTD) method and the moment 
method. The former split the target into 3D meshes and uses the Maxwell equa- 
tions to perform computer simulation on the electromagnetic field of each mesh, 
which is suitable for the target with internal structure. The latter segments the 
target surface into plane geometry shapes (such as triangles) and forms subdo- 
mains, and then calculates the reflection electric field based on the current of 
subdomain. Table 8.8 gives the size information of typical targets available for 
electromagnetic modeling. 

Measurement at higher frequency band on reduced scale model of target in 
specific experiment place (such as microwave anechoic chamber). Due to the 
limit of size, the reduced scale model is used in the majority of microwave 
anechoic chambers. 


Table 8.9 gives the electromagnetic reduced scale relationship between the perfect 


conducting full-size target and the reduced scale target model, where the s is the 
reduced scale factor to perform measurement. 


The relationship between the RCS (o’) of the reduced scale model (at a scale of 


1: s) and the RCS (øo) of the converted real-size target is 


o =o +201g(s) (dB) (8.28) 


Accordingly, the test frequency f' for the reduced scale target should be s times 


of that for the real target. 


Table 8.8 Size information of typical targets 


Type Length (m) Height (m) Wingspan (m) 
F-35 15.47 4.57 10.70 

Mirage 2000 (A) 14.36 5.20 9.13 

Rafale 15.27 5.34 10.8 

J-10 14.57 4.78 8.78 

Y-12 14.86 5.575 17.235 
Yak-42 36.38 9.83 34.88 

Boeing 777 63.73 18.50 60.90 
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Table 8.9 Electromagnetic Parameter Full-size model Reduced scale 

reduced scale relationship modél 

between full-size target and 

reduced scale model Length i Y = 1/s 
Time t t = t/s 
Frequency f = fs 
Wavelength x W = Vs 
Conductivity oc o/c = soc 
Resistance R R’ = Rê 
Dielectric constant € e = eê? 
Magnetic u u’ = pê 
conductivity 
Phase velocity v v=v 
Propagation k k’ = sk 
constant 
Antenna gain g g =g 
RCS o o’ =o/s2 


“Theoretical relationship, the parameters of practical material vary 
with frequency 


8.4.2 Content and Storage Rule 


For a radar system, the resonant frequency feature, polarization feature, micro- 
Doppler modulation feature, and motion feature could be used to perform classi- 
fication and identification on jet airplane, propeller-driven aircraft, and helicopter. 
Correspondingly, the characteristic signal database is divided into the frequency res- 
onance curve database, polarization scattering matrix database, and micro-Doppler 
modulation frequency spectrum database. To a certain degree, all the three kinds of 
characteristic signal have dependency on target’s angle of view. Thus, the angle of 
view is taken as an important flag bit for use in classification and storage. Table 8.10 
gives an exemplary characteristic signal database of three types of targets. It takes 
as a form of 2D database and also can be expanded to be a 3D database that cov- 
ers the elevation and azimuth information of targets. In the table, P;; represents the 
characteristic signal of the ith type of target at the jth angle of view. For resonant 
frequency curve database, Pj is the frequency response curve of a specific target at 
a specified angle of view. For polarization feature database, P;; corresponds to the 
elements in polarization scattering matrix. For micro-Doppler modulation feature 
database, Pj; is micro-Doppler modulation frequency spectrum. When entering into 
the database, each of the characteristic signals P;; indicates the kind and value of its 
derived feature. 

In current investigations, there are many target features and the generation condi- 
tions, the recognition effectiveness (i.e. separability of target types) of these features 
are different from each other. The extracted feature from characteristic signal can 
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Table 8.10 Exemplar characteristic signal database of three types of target at n angles of view 


Type of target | Target’s angle of view 
Angular domain 1 | Angular domain 2 |... Angular domain n 
Pll P12 ea Pin 

2 P21 P22 2 P2n 
P31 P32 ee P3n 


be stored in database as feature template. The derived features and motion features 
(including velocity, height, and acceleration) are stored in the form of feature param- 
eter set. The storage mode is 


feature = {class, name, value, LB, UB} 


where, the “class” is the class of target, the “name” is mark of feature name, “value” 
is the eigenvalue, LB is the lower limit of this class of features, and UB is the upper 
limit. 

In target recognition process, if a new target measurement sample is determined to 
be in high degree of confidence, it can be used as a new sample. Then the characteristic 
signal and the eigenvalue are stored in the database. On the other hand, it is possible 
to eliminate the unapt sample from the database on a dynamic basis. To prevent 
from frequent update, the radar target classification and identification database can 
be updated in a manual mode. 


8.4.3 Realization Measures 


To ensure easy scale expansion, the radar can use non-relation database to store 
data file. The database performs parallel storage based on distributed file system. 
Combined with the management method, database management service is provided 
for upper applications. In the distributed storage process, the consistent hashing 
algorithm is adopted to realize the data distribution to multiple nodes. 

As shown in Fig. 8.20, the consistent hashing algorithm firstly computes the 
hashing values of individual storage nodes and maps the hashing values into an 
annular address space. Then the same hashing function is used to acquire the hashing 
values of data objects which are also mapped into the same address space. On the 
hashing ring, departing from a data object node, the first storage node along the 
clockwise direction is the storage position of this data node. Each storage node is 
responsible for storing the data object between this node and its predecessor node. 
If a new storage node is added (i.e., adding a new sample), it is mapped firstly onto 
the hashing ring. Then departing from the new node, the data object between the 
first node met along the counter-clockwise direction and the new node constitutes a 
data set. Transfer the data object in the set from the original node to the new node 
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Fig. 8.20 Data distribution Node A 
realized by consistent 
hashing algorithm 


Object 3 


Node C 


Object 2 


to complete node adding. When deleting a storage node (i.e., removing the unapt 
sample from original database), it is only required to assign the data object of this 
node to its next storage node. Then the deleting operation is completed. It can seen 
that, when adding or deleting a storage node, only this node and its neighboring 
nodes suffers from influence, the states of other nodes on the hashing ring have no 
change. The data distribution realized by use of the consistent hashing algorithm can 
reduce the influence of the change of storage node on the system. 

The number of storage nodes of target classification and identification database is 
limited in initial training phase, so that it is difficult to achieve a uniform distribution 
on the hashing ring. The virtual node distribution method can be used to avoid load 
unbalancing. That is, each storage node can possess multiple virtual nodes and they 
are also mapped onto the hashing ring. This method can ensure that the nodes on the 
hashing ring are still in uniform distribution even in the case of few nodes. 

The characteristic signals are stored as per the unit of storage object. By horizontal 
partitioning and taking a row of data record (tuple of relational database) as a unit, 
they are distributed on individual nodes. The flow to visit the target classification 
and identification database is depicted in Fig. 8.21. Once the characteristic signal 
of target is acquired, the database visit instruction is triggered and sent to the meta- 
database server. The server is responsible for mapping the visit operation into the 
data nodes. Received the construction, each node completes the relative operations 
and then sends the result to the data collector. The data collector collects all node 
data and performs data combination. The result is returned back to the user. That is, 
the result of template matching or the extracted eigenvector is returned back to the 
feature extraction/selection module of target classification and identification. 

The manual update of target classification and identification database is to add 
new samples through adding virtual nodes by use of “Add_vnode”. Along with the 
system operation, when some characteristic signal nodes have great changes and 
therefore need to delete, use “Del vnode” to delete this nodes. And the number of 
virtual nodes is adjusted by use of “Update” according to the performance quantizing 
parameters. 
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Fig. 8.21 Operation flow of distributed target classification and identification database 
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Chapter 9 A) 
Cooperative Detection Metric Wave get 
Radar Techniques 


9.1 Overview 


The wavelength characteristic of metric wave radar makes it have the advantages 
of anti-stealth, anti-ARM, and long detection range. However, because of its narrow 
bandwidth and wide beam, there are some limitations in improving angular resolution 
and locating precision by single metric wave radar. The metric wave radar adopts 
cooperative detection technique to enhance the performance of metric wave radar. 

The cooperative detection metric wave radar consists of multiple metric wave radar 
transmitting/receiving node cooperative processing centers and high-speed commu- 
nication links, shown in Fig. 9.1. Using spatial diversity and waveform diversity 
techniques, the receiving node is able to process the target echoes of multiple trans- 
mitting nodes. Using high-speed communication technique and high-performance 
computation technique, multiple cooperative detection nodes are combined through 
resource management and control into a cooperative detection metric wave radar 
system capable of high-effective interconnections and intercommunications. Based 
on such cooperative processing technology, the information detected by individual 
nodes will be processed jointly. In this way, there are obvious superiorities in stealth 
target detection, target location precision, ECCM, battlefield survivability, and etc. 

Compared with the traditional metric wave radar, the cooperative detection VHF 
radar possesses the advantages as follows: 


(1) Strong ability to detect stealth target: The cooperative detection metric wave 
radar can make effective use of the multi-direction scattering characteristic of 
stealth target, such as the scattering characteristic of lateral RCS being 20 dB 
larger than nose cone RCS, and can suppress the strong fluctuation of RCS with 
spatial position, greatly enhancing the ability to detect stealth target. 

(2) Higher angular resolution: With the employment of multiple radar nodes 
deployed dispersively to distinguish target cooperatively or in short baseline 
to make coherent synthesis, the radar could achieve higher angular resolution, 
which improves the target location precision. 
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9.1 Schematic diagram of cooperative detection metric wave radar composition 


Strong ECCM capability: Making use of the homologous correlation and multi- 
station cooperative processing can realize mainlobe jamming cancellation, 
which breaks through the technical bottleneck existing in monostatic radar. 
High economical efficiency: Effective detection of stealth target requires large 
radar power-aperture product, which results in high cost and poor mobility. The 
radar nodes of cooperative detection metric wave radar are relatively small and 
easy to manufacture, thus the cost is low. 

Good mobility: Each radar node possesses good mobility, so that the whole 
system has good mobility. 

Good flexibility: The radar nodes in the system are able to operate in self- 
transmitting/self-receiving form, bistatic/mutistatic form, MIMO form, and full- 
coherence mode. The whole cooperative detection metric wave radar can take a 
single form or be the hybrid of several forms above. Its configuration is flexible 
and changeable, that is, it can be deployed in either centralized mode or decen- 
tralized mode. Due to the flexibility, the system can be reconfigured dynamically 
with mission changing. 

Excellent scalability: The system detection capability can be expanded by 
adding the number of radar nodes; even the radar function can be expanded. 
Higher reliability: Multiple distributed radar nodes work jointly. Even if some 
radar node malfunctions, the system can still work. 
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9.2 Development Trend of Cooperative Detection 
Technique 


Once the multi-radar cooperative operation mode was proposed, it become a develop- 
ment direction of modern radar detection techniques. A series of detection concepts 
were put forward such as cooperative engagement capability, MIMO radar, dis- 
tributed full-coherent radar, and etc., which establish the foundation for the design 
and realization of cooperative detection VHF radar system. 


9.2.1 CEC System Technique 


CEC stands for “cooperative engagement capability”. It is featured by fully making 
use of the superiorities of various platforms that are located at different places and 
equipped with different sensors and weapons, taking full advantage of the shared 
observation data (e.g., unfiltered range, azimuth, height, and Doppler) from every 
sensor on each platform, and maintaining the key characteristics of the data such as 
precision and real time. These data are integrated into the combat system of each 
platform and can be used in the same fashion as the data from the sensors of the 
platform itself. All combat platforms are netted in this manner to form an integrated 
theater defence system. 

The initial intention of the CEC system is to solve the air defence issues in littoral 
operations of naval fleet. Its basic design is that the combat units share the data 
from each sensor in the battle group and the whole battle group works in a network 
manner so as to enhance the air defence capability greatly. Developed for years, US 
Navy equipped its aircraft carriers, Aegis destroyers, and cruisers with CEC system. 
At present, American multiple services conduct a joint investigation to introduce 
the CEC system into the Patriot missile system, corps air defence missile system, 
E-3 early warning airplane, theater high altitude air defence/ground based radar 
(THAAD/GBR) system, and etc., constructing a real seamless theater air defence 
and anti-missile system (Fig. 9.2). 

CEC has three basic functions, i.e., accurate cueing, joint tracking, and cooperative 
engagement. In 1990s, with the CEC concept being introduced into ballistic missile 
defence system, new operation functions had been developed, that is, cooperative 
localization, beyond-visual-range combat, and cooperative discrimination. On the 
basis of CEC multisenor fusion tracking, Lincoln Laboratory proposed the fusion 
recognition theory. The observation data of distributed sensors at different band- 
widths and different angles are fused coherently to generate ultra wideband, large 
rotation angle target 2D image, which significantly improves the target identification 
capability and precision. 
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Fig. 9.2 Schematic diagram of CEC system functions 


9.2.2 MIMO Radar Techniques 


As asign of new concept radars, multiple-input multiple-output (MIMO) radar nowa- 
days has become the research hotspot in radar community. Different from the tradi- 
tional phased array radar, MIMO radar has the advantages of multiple channels in 
space, added freedom of system, improved resolution of airborne target, effectively- 
resisted target RCS scintillation, and enhanced detection performance of system. 


1. Coherent MIMO radar techniques 
(1) Investigations on coherent MIMO radar in France and China 


In the late of 1980s, French ONERA and Thomson—CSF Company jointly developed 
a prototype of synthetic impulse and aperture radar (SIAR), shown in Fig. 9.3. Actu- 
ally, it presented the idea of coherent MIMO radar although the concept of coherent 
MIMO radar hasn’t been proposed yet. It can be viewed as the rudiment of coherent 
MIMO radar. Whose basic ideas can be summarized as: © The signals of individ- 
ual nondirectional radiation elements are encoded to enable full-airspace isotropic 
illumination while using large antenna array; © In the receiving system, the signal 
components radiated by individual radiation elements are decomposed according to 
the codes. Through time delay calibration via the element set in space, the signal 
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Fig. 9.3 SIAR prototype in 
France 


components are recombined coherently to obtain the narrow pulses of target echoes, 
that is, the equivalent transmitting beams. However, for the reasons including budget, 
the SIAR development and experiment were terminated in the late of 1990s. 

In China, the SIAR research was started in the early of 1990s and its experimental 
study was completed in 2000. After then, the demonstration and development of a 
practical system was initiated. In 2011, the first large practical SIAR system in the 
world was completed. It is also the first large practical MIMO radar system around 
the world. 


(2) Coherent MIMO radar research in America 


Sponsored by US Missile Defense Agency, MIT Lincoln Laboratory carried out the 
theory study and experiments of MIMO radar and developed L-band and X-band 
MIMO radar prototypes, as shown in Fig. 9.4. Then, the researchers of Univer- 
sity of Florida and University of Washington carried out deep studies on transmit- 
ting/receiving joint adaptive algorithm, estimation of target parameters, and transmit- 
ting beam synthesis, which provides theoretical basis for the performance advantages 
of coherent MIMO radar. 


2. Noncoherent mimo radar techniques 
(1) Noncoherent MIMO radar research in New Jersey Institute of Technology 


The concept of noncoherent MIMO radar was proposed firstly by the research team 
of New Jersey Institute of Technology (NJIT) in IEEE radar conference 2004. In their 
following work, deep researches on signal detection, estimation of target parameters, 
and waveform design were conducted. Their studies provide the theoretical basis for 
the performance superiority of noncoherent MIMO radar. 


(2) Noncoherent MIMO radar research in University College London 


C. J. Baker et al. of University College London made profound analysis about the 
performance superiorities of noncoherent MIMO radar in relation to traditional radar 
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from coverage, resolution, and location precision. They constructed a small experi- 
mental system using COTS products and carries out a number of target observation 
experiments and clutter measurement studies (Fig. 9.5). 

Except for the above researches, the scholars of US Naval graduate school and 
University of Arizona also made deep theoretical studies on the cooperative operation 
mode and optimal detector. 


9.2.3 Distributed Array Coherent-Synthesis Radar Technique 


Distributed array coherent-synthesis radar system is composed of some mobile radar 
nodes and a center control processing system. These radar nodes are arranged in 
a mode with their beams directing at the same region. Through center control 


Fig. 9.4 L-band and X-band coherent MIMO radar prototypes developed by MIT Lincoln Labo- 
ratory 


Fig. 9.5 Coherent 
experimental MIMO radar 
system of University College 
London 
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Fig. 9.6 Distributed array 
coherent-synthesis radar of 
Lincoln Laboratory 


processing system, the radar nodes can realize joint coherent operation and signal- 
level coherent synthesis to form equivalently a large coverage detection radar system. 

Lincoln Laboratory released a report in 2004 about distributed array coherent- 
synthesis radar to firstly open its preliminary study result. A paper released in 2006 
by Lincoln Laboratory reported its important breakthrough: two wideband radars 
realized coherent transmitting and receiving completely, achieving the maximum 
gain of 9 dB (Fig. 9.6). Different from traditional radar, each radar node of the 
distributed coherent-synthesis radar transmits orthogonal waveforms. A radar node 
receives the echoes of other radar nodes while receiving the echoes of the radar node 
itself. By matched filter processing of all transmitted waveforms respectively and 
simultaneously, the phase and time delay of each echo is obtained. Then the receiving 
coherent-synthesis is performed to achieve the maximum system gain N? (N is the 
number of radar nodes). This is called as the receiving coherence mode. On the basis 
of the receiving coherence mode, when the time delay and phase estimations reach to 
some degree, each radar node starts to transmit in-phase waveforms. Controlling and 
adjusting the moment and phase of each radar node transmitting signal can realize 
both transmitting coherence and receiving coherence, i.e., full coherence, to achieve 
the maximum system gain N°. This is called as transmitting/receiving coherence 
mode (Fig. 9.7). 


9.3 Typical Operation Modes 


On the basis of system configuration and detection mission requirement, the coopera- 
tive detection metric wave radar is able to operate in several typical operation modes: 
self-transmitting/self-receiving, multiple-transmitting/multiple-receiving, and trans- 
mitting/receiving full coherence. Hereafter, we will analyze the connotation, infor- 
mation fusion mode, and performance of each operation mode. 
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9.3.1 Self-transmitting/Self-receiving Mode 


When the cooperative detection metric wave radar operates in self-transmitting/self- 
receiving mode, each radar node works as a monostatic radar under the scheduling of 
the cooperative processing center. It performs pre-processing for the detected echo 
information. And the cooperative processing center conducts fusion processing of 
the information from each radar node to generate united track situation (Fig. 9.8). 
Depending on the different levels of the information transferring from a single 
radar node to the cooperative processing center, the different processing methods, 
such as the track fusion, plot fusion, and distributed detection, can be used in the 
cooperative processing center. The plot/track fusion processes the plot information 
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Fig. 9.7 Basic principle of coherent synthesis 
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Fig. 9.8 Self-transmitting/self-receiving mode 
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sent from individual radars that are not determined to be target or not. The cooperation 
for all radars in the system can increase detection probability, enlarge detection range, 
and improve track quality. In distributed detection method, each radar node performs 
pre-processing for its observation data and then sends the data to the cooperative 
processing center in which the local observation data from individual radar nodes 
are synthesized and the final decision is given according to some judging criteria. 
In cooperative detection VHF radar system, distributed detection has the ability to 
improve the response speed and survivability and increase the coverage areas and 
the number of targets to be detected. Also the system reliability could be improved 
and a higher total SNR can be provided even some nodes are in failure. The typical 
net structure of the distributed detection algorithm is the feedback parallel structure 
(Fig. 9.9). The detection center feeds the final judgement result back to each radar 
node for use as one of the judgements baises to make local judgement at next moment. 
This structure can obviously improve the quality of the information provided by radar 
nodes. 

Here, through simulation, we will make a comparative analysis on the detection 
performance and plot fusion detection performance of the cooperative detection 
metric wave radar system using the distributed detection algorithm and a single 
radar node in self-transmitting/self-receiving mode. The simulation conditions are: 
the radar nodes in the system are deployed dispersively, the target echoes satisfy 
decorrelation condition, the radar cross section of target belongs to type SWL-I, and 


Fig. 9.9 Schematic diagram 
of the distributed detection 
algorithm with parallel phenomenon 
structure 


cooperative processing center 
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the radar cross sections related to different radar nodes are independent each other. 
The distributed detection model used in the system is 


T 1 
aN 
Pd=1 F()FUT—N) [a [acon 
0 0 


GO, t) = exp(—y[1 — (1 —a)t])y@ 1811 — 4 (9.1) 


l 
= IF KSNR 


where, M is the total number of pulses in distributed detection, N is the number of 
radar nodes (for two metric wave radars, N = 2), and K = M/N, the number of the 
pulses output from each radar. 

Plot fusion detection adopts “or” fusion criterion. The detection probability and 
false alarm probability of the cooperative processing center are expressed as follows: 


N N 
Pa=1-[|[0- Pa); Pja=1-] [0 — Pra) (9.2) 


i=! i=l 


The simulation parameters are set to be: M = 16, N = 2, and K = 8. That is, for 
distributed detection, there are 16 pulses in total, 8 pulses in a radar node. When the 
false alarm probability is 1076, the detection threshold of the fusion center is 42.62 
through calculation. The simulation results of detection performances of a single 
radar node, plot fusion detection, and distributed detection in the case of false alarm 
probability being 10~° are given in Fig. 9.10. 
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It can be seen from Fig. 9.10 that, when the false alarm probability is 1076 and 
the detection probability is 0.5, the monopulse detectable SNR of distributed fusion 
detection decreases by 2.8 dB compared with single radar detection. When the detec- 
tion probability is 0.8, the monopulse detectable SNR outperforms about 4.5 dB 
compared with single radar detection. The higher the detection probability is, the 
larger the detection gain is. Compared with plot fusion detection, when the detection 
probability is 0.5—0.8, the monopulse detectable SNR reduces by 0.4 dB. 

As long as the nodes in cooperative detection VHF radar system possess target 
detection capability, they can work in this cooperative operation mode. In contrast to 
plot/track fusion detection mode, the distributed detection mode has lower informa- 
tion loss, but proposes higher requirements on the transmission bandwidth and time 
synchronization precision of the system. 


9.3.2 MIMO Mode 


When the cooperative detection VHF radar operates in MIMO mode, each of its 
radar nodes transmits orthogonal coded waveforms and works in N-transmitting/N- 
receiving MIMO operation mode to form N? channels to receive the echo of a tar- 
get (Fig. 9.11). In short-baseline deployment, using coherent integration, the echo 
SNR can reach N? performance gain in theory compared with single radar. In long- 
baseline deployment, N? receiving channels correspond to different transmitting 
paths and receiving paths. Through reasonable deployment, the target signals in dif- 
ferent channels may satisfy independence condition. The noncoherent integration 
detection model can then be used to enhance detection performance greatly. 

We have conducted several experiments. Simulation analysis conditions: For the 
same receiving channel, assume that radar cross section of target belongs to type 
SWL-I, the target echo signals of different pulses in a scan are completely corre- 
lated, and the radar cross sections in different scans are independent each other. In 
MIMO mode, the target echo signals in different channels are independent each other. 
For the same receiving channel, coherent integration is adopted, while noncoherent 
integration is used in the case of 4 receiving channels. 

Simulation parameters setting: M = 32, N = 2, and K = 8. That is, for noncoherent 
integration detection, there are 32 pulses in total, 8 pulses in a receiving channel; 
when the false alarm probability is 1076, the detection threshold of the fusion center 
is 66.40 through calculation. The simulation results are shown in Fig. 9.12. 

It can be seen from Fig. 9.12 that, when the false alarm probability is 1076 and 
the detection probability is 0.5, compared with single radar detection, the monopulse 
detectable SNR of signal-level fusion detection in MIMO mode decreases by 4.8 dB. 
In contrast to plot fusion, the monopulse detectable SNR is reduces by 2.4 dB. When 
the detection probability is 0.8, the monopulse detectable SNR reduces by about 
7.9 dB compared with single radar detection, or 3.7 dB in contrast to plot fusion. 
The higher the detection probability is, the larger the detection gain is. 
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9.3.3 Transmitting/Receiving Full-Coherence Mode 


Operating transmitting/receiving full-coherence mode, the radar nodes are arranged 
in such a way to meet “spatial correlation” distribution condition strictly. These nodes 
transmit in-phase waveforms. Controlling and adjusting the moments and phases of 
the radar nodes transmitting signals can realize both transmitting coherence and 
receiving coherence, i.e., full coherence. The SNR of target echoes can be increased 
N? folds at most. 
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(1) Detection performance 


Based on the radar detection equation, in transmitting/receiving full-coherence mode, 
the detection equation of the cooperative detection metric wave radar is 


er P,tG,G,o)" FP? F? 
ee (4 3kT,VoC pL 


(9.3) 


where, P;, G;, and G, are respectively the transmitting power, transmitting gain, and 
receiving gain of each radar node. 

Assume that two radar nodes operate in transmitting/receiving full-coherence 
mode, and there are 8 pulses. When the false alarm probability is 10~° and the detec- 
tion probability is 0.5, in contrast to plot fusion detection, the monopulse detectable 
SNR is reduced by 6.5 dB; when the detection probability is 0.8, it is reduced by 
4.9 dB (Fig. 9.13). 


(2) Angle measurement precision 


The distributed array coherent-synthesis method is used to form an equivalent large- 
aperture antenna, so as to implement high-precision angle measurement. If n radar 
nodes are in linear arrangement and the phase centers of their antenna arrays are 
equally separated, then the horizontal pattern model of coherent synthesis is 


sin(zkn sin 0) sin(>m sin 0) 


IY(@)| = (9.4) 


sin(zksin@) sin(> sin @) 


where, m is the number of array elements of a single radar array in horizontal direc- 
tion, à is the wavelength, D is the distance between the phase centers of adjacent 
radar nodes, 0 is the angle, and k = D/i. 

According to the pattern expression, the null beamwidth is determined by the two 


nulls most approached by aa That is, the two nulls satisfy kn sin 0 = +1, 


thus the null beamwidth approximates E rad and the 3 dB beamwidth approximates 
+ rad. 
kn 
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When the pattern pointing direction is not the array normal direction, the mainlobe 
will widen and the distance between the mainlobe and the first grating lobe will 
enlarge. On the other hand, when the pattern pointing direction is the array normal 
direction, the mainlobe is the narrowest and the distance between the mainlobe and 
the first grating lobe is the least. 

Simulation parameters: m = 20, n = 2, and k = 50; if calculate at the operating 
frequency of 240 MHz, then, when k = 50, the distance between the array centers of 
two radars is 62.5 m. The azimuth lobe pattern of single radar and the azimuth lobe 
pattern synthesized coherently by two radars are illustrated in Fig. 9.14. 

It can be seen from Fig. 9.14 that, in the case of uniform weighting, the syn- 
thesized pattern has some grating lobes in the mainlobe width of single radar. The 
3 dB beamwidth of single radar is about 5.07° and the coherently synthesized 3 dB 
beamwidth approximates 0.57°. Computing at the angle measurement precision 
being 1/10 of beamwidth, the direction measurement accuracy of single radar is 
about 0.5°. The angle accuracy could achieve 0.057° by employing coherent synthe- 
sis with the ambiguity eliminated synchronously. It is obvious that, by using coherent 
synthesis in angle measurement processing, the cooperative detection metric wave 
radar can improve the angle measurement accuracy significantly. 

There are many methods to solve the angle measurement ambiguity. Here, we 
will introduce the simplest one. Choose proper baseline length of two radars in such 
a manner to make the angle measurement accuracy of single radar higher than the 
mainlobe beamwidth in coherent synthesis. Take the angle measurement result of 
single radar as the coarse measurement result. Then the synthesized beam is used 
to make high-precession monopulse angle measurement. The angle measurement 
accuracy achieved finally will be higher than the single radar about one order of 
magnitude. 

To form the synthesized beam effectively, the arrays of the cooperative detection 
VHF radar must be calibrated so as to eliminate the amplitude and phase errors existed 
between different radar arrays and inside the arrays. The key to make the calibration 
between different radar arrays is the measurement of their relative positions, which 
can be realized by use of optical means, GPS, and geodetic survey. 
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Chapter 10 R) 
Structural Design of Large Metric Wave get 


Radar 


10.1 Introduction 


Radar structural design takes an important part of radar development, determining 
the mobility, reliability, security, environment adaptability and manufacturability of 
a radar, and playing an important role in the performance and quality. As metric wave 
radar technology is developing, structure of metric wave radar is also significantly 
changing. According to telecommunication regime, metric wave radars are divided 
into 2D metric wave radars and 3D metric wave radars, their difference is whether 
having a height finding capability; according to structure, divided into array metric 
wave radars and aperture sparse metric wave radars, the array metric wave radar 
is a large planar array radar, and the aperture sparse radar uses tower-type array 
antennae, which can randomly be set up on a flat area; according to mobility, divided 
into mobile metric wave radars and fixed metric wave radars, the mobile metric wave 
radar can use a vehicle chassis for transportation, and because of the large array, the 
fixed metric wave radar usually doesn’t use the mechanical scanning mode and can’t 
be transported. 

At the beginning, most metric wave radars were 2D radars, using small antenna 
aperture and sparse trussed type antenna structure. Their requirements of stiffness 
and mobile set-up were low. The advanced 3D metric wave radar uses digital phased 
array and super resolution signal processing, and has some new structural features: 
(1) large antenna aperture, increasing requirements of radar power, and contrast to 
a traditional 2D radar’s 100 m? antenna aperture, the antenna aperture of a mobile 
3D metric wave radar is more than 200 m7; (2) instead of traditional concentrated 
emission metric wave radars, the digital phased array modules, many accessories 
and cables are put on the antenna, leading to a large number of front equipments 
and more complex structure, so the focus of the metric wave radar antenna design is 
suitable overall layout; (3) as a result of the 3D radar’s height finding capability, the 
deformation precision of the array is improved from meter level to millimetre level, 
and with the antenna aperture increasing, it is very important to make the deformation 
precision achieve a high level; (4) the requirements of mobility, to a mobile metric 
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wave radar, deployment and roll-up modes of the antenna element are improved from 
manual and semi-manual modes to auto modes, and the mobility requirement is also 
improved from several hours to less than 1 h; (5) high environment adaptability 
requirements, the survivability has to be enhanced in the bad weather, for example, 
in high wind, the antenna of a 3D metric wave radar has significantly larger wind 
drag coefficient than a 2D radar, making the overturning moment of a large mobile 
wave radar rapidly increased from less than 490 kN m to more than 980 kN m, and 
strictly challenging the security of antenna design. Moreover, the antenna array of a 
metric wave radar is exposed, and usually don’t have a protective radome, so in the 
bad weather, it is very important to seal antenna elements. 

At present, the structure of metric wave radar is trending to high precision, high 
automation, high reliability and low cost. This requires that as the power and size of 
the advanced metric wave radar antenna are increasing, the radar power and precision 
of the array are higher and higher; the deployment time is shorter and shorter, the 
automation is higher and higher; the reliability and service life of the radar are higher 
and higher, working in all-weather and all-day; the radar’s operating and maintenance 
cost is lower and lower. 

When advanced metric wave radars are developing, we have to encounter some 
new technology problems, including formative design technology, safety design tech- 
nology, auto-erecting technology and cooling technology, etc. We must explore, study 
and break through important problems, improving the structural design of advanced 
metric wave radars. 


10.2 Overall Design of Metric Wave Radar 


10.2.1 Outline of Overall Design 


The overall structural design is the key element of radar product development. The 
system structure participates in the full development process, including feasibility 
study, system structure scheme demonstration, key technology breakthrough, pro- 
totype development, system assembly and joint test, product typification evaluation 
and after-sale service. 

The basic requirements of overall structural design involve technical parameters, 
standardization and mechanics engineering designs, and the mechanics engineering 
designs include mechanical structure and modelling design, reliability design, ther- 
mal design, anticorrosion and protection design, vibration isolation and cushioning 
design, electromagnetic compatibility (EMC) design and manufacture ability design. 
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10.2.2 Overall Layout Design 


The overall layout is the most important part in the overall structural design, mainly 
including position layout, partition of elements, overall layout (the relative location 
and assembly relationship of each element), interface and interface module designs 
etc. When designing overall structural layout, we must make the equipments compact, 
use integration design methods, and strictly control the centroid position of top load- 
ing, especially the antenna structure. When the quality and the size of the electronic 
equipment and other electronic devices are controlled and confirmed, according to 
their respective functions and the relation to each other, we can design the layout 
of the working state and transportation state of the upper units from top to bottom, 
select the mode of state transformation, and repeatedly check the mobility and sta- 
bility indices until the requirements are finally met. In mobile 3D metric wave radar, 
the focus and difficulty of overall layout design are layout design of the antenna 
vehicle unit. The antenna vehicle unit is comprised of a radar bearing platform with 
a transportation chassis function, an antenna pedestal and a rotary turntable, a large 
tonnage lifting mechanism, and an antenna system. 

Wind resistance stability is the first problem to be focused on in the layout design 
of the large metric wave antenna vehicle. According to the radar scale, we can 
select the wind resistance mode. When the scale of the radar is within 300 m2, the 
overturning moment is not more than 200 ton m, and the requirement of maneuver 
index is high, the wind resistance method is the anti-overturning legs with large span 
to enable stability on the ground, and the anti-overturning legs are arranged around 
the chassis, using the folding/deploying mode to improve the mobility of the antenna 
unit. When designing the leveling legs layout, we also consider the outline size and 
the center of gravity of radar in lodging state, working state and transportation state. 
The position of the center of gravity must fall within the range which the leveling 
legs enclose, to make the antenna operate safely and reliably. If the radar is too large, 
we recommend to use the fixed array. 

In order to improve the dynamic pointing precision of the radar, the chassis rigidity 
should be as high as possible. At the same time, to provide the upper structure enough 
space, the height of its loading surface is also required to be as low as possible. In 
order to coordinate the pair of contradictions, when designing the overall layout, we 
need to determine the height of the chassis and the specific stiffness requirements. 
For the chassis of a large metric wave radar, we can use the layout that makes the 
leveling legs and the anti-overturning legs apart. This method uses the leveling legs 
to provide leveling function, while improving the stiffness of the radar chassis. 

When the weight distribution of the antenna vehicle is carried out, the weight of all 
the equipments on the array surface should be strictly controlled. The chassis of the 
antenna vehicle should be heavy and stable, and the equipments above the turntable 
should be rigid and light. The light antenna is beneficial to reduce the scale of the 
lifting mechanism and the azimuth driving mechanism, so as to control the overall 
weight of the antenna vehicle unit. The heavy equipments on the antenna are arranged 
near the bottom of the radar antenna or near the rotation center, so as to reduce the 
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inertia of the antenna. We should choose the suitable antenna structure and layout, as 
large as possible section stiffness, and reliable connection structure design. Because 
the antenna array of the large metric wave radar is very large, multiple transportation 
units are needed to transport the antenna. The main bearing framework is arranged 
on the antenna vehicle. When the antenna surface is transported, it is moved to other 
vehicles, and connected with the main bearing framework by fast-locks. 

In order to improve the stiffness of the antenna array, the supporting points of the 
antenna should be as high as possible in the working state. But because of the limit 
of the lifting mechanism, we can consider to set the auxiliary supporting structure 
for the antenna. At the same time, the chief designer of the telecommunications 
system can adjust the elevation angle of the antenna and suitably deploy equipments 
to ensure the center of gravity of the antenna near the rotation center. In order to 
improve the mobility, the auxiliary supporting structure can be driven by automatic 
driving mode. The mechanism itself can lock, or the driving mechanism has safety 
lock, to ensure the stability of the supporting mechanism under the large wind. 


10.2.3 Radar Erection and Assembly 


The mobility requirement of modern military ground radar is higher and higher. After 
the radar is transferred, we must enable the conversion between transportation state 
and working state in the given time, and the rapid erection and assembly are important 
problems in the overall design of radar structure. When the site transition is carried 
out, the erection of large radar generally includes the following steps: the antenna 
unit in place—the separation of the tractor and the trailer—connecting the units 
by the cables, powering the units—expanding the legs of the antenna vehicle plat- 
form—leveling the legs—expanding the bearing framework, locking—transferring 
the antenna among the different units, assembling—connecting the antenna units 
with the cables—the antenna automatic lifting—unlocking the turntable—turning 
on the antenna to rotate. The disassembly process is opposite. The maneuverabil- 
ity requirement of the large 3D metric wave radar has been significantly improved, 
usually within 1 h. 

In the overall design, we need to decompose the time index of each step, and 
determine the specific technical requirements: the makeup of the radar posture con- 
version mechanism, the size of the structure and the interface, the mode of action 
and the driving force, to make the automatic erection mechanism stably, coordinately 
and reliably operate and lock, and do not interfere with the other equipments and 
components. 

Taking a large mobile 3D metric wave radar as an example, the antenna array 
needs to occupy a number of transportation units. When the radar site is set up, the 
antenna subarrays are hoisted and transferred among different transportation units, 
taking up the most time. In the overall design, the automation method is adopted 
to significantly improve the erection efficiency. In structural design, when manu- 
ally driving the folding and locking mechanisms, we should pay attention to the 
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accessibility and operational safety in the erection process. Besides, the 3D radar 
antenna array has a large number of cables. In the early design, a large number of 
cables need to be suitably combined to reduce the number and time of disassembly, 
effectively shortening the erection time of the transferred radar. The automatic erec- 
tion also includes the fully automatic expansion and leveling of the bearing multi-leg 
system of the radar platform, the expansion and folding of the auxiliary supporting 
legs of the antenna, the expansion/folding of the antenna framework, the automatic 
erection/disassembly of the large antenna. The Sect. 10.3.3 gives the details. 


10.2.4 Transportation and Packing Design 


Mobile metric wave radar usually uses the highway and railway transportation. The 
antenna aperture of a large metric wave radar is hundreds of square meters. It is 
necessary to use a small number of transportation units to complete the loading of 
the antenna, and make full use of the size and bearing potential of each transportation 
unit. 

In the highway transportation state, the metric wave radar is comprised of multi- 
ple transportation units, including the antenna frame transportation units, the antenna 
subarray transportation units, the electronic equipment transportation units and the 
power station transportation units. The weight, size, axle load distribution and passing 
ability of all highway transportation units meet GJB2948-97 “transportation loading 
size and weight limit”, GB1589-2004 “highway vehicle outline size, axle load and 
quality limit”, JTGBO1-2003 “highway engineering technical standard”, GB7258- 
2004 “motor vehicle operation safety technical condition”, JTG D60-2004 “general 
specification for highway bridge and culvert design” (The first or second grade high- 
way bridge and culvert are 5.0 m high, and the third or fourth grade highway bridge 
and culvert are 4.5 m high), and can successfully pass the third grade highway (The 
two-lane highway is 6.5 m wide, the speed is 30 km/h, the minimum turning radius 
is 15 m, the maximum longitudinal gradient is 8%, the side slope is 20%, the wharf 
approach slope is 8.9-10%, the bridge longitudinal slope is less than 4%, and the 
bridge head approach longitudinal slope is less than 5%). 

In the railway transportation state, it can be transported by the flatbed trucks, and 
when transported, is not beyond the loading limit of basic goods. All the transporta- 
tion vehicles are separately suspended and reinforced on the train. The transportation 
pallets of the antenna subarrays, the electronic equipment shelters and the power sta- 
tions are directly placed and reinforced on the train platform. 

The radar packaging design should be convenient for transportation, loading and 
unloading, storage, use and management. If special packaging containers and load- 
ing/unloading equipments are needed, the design constraints should be determined. 
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10.3 Key Technologies in Structural Design of Metric Wave 
Radar 


10.3.1 Antenna Framework Configuration Design 
Technologies 


The antenna structure is an important part of radar products. The configuration of the 
antenna framework plays an important role in the design of the structure, and even toa 
great extent, it has become a distinct mark of the whole radar. Although the size of its 
aperture is subject to the telecommunication indices, how to choose the appropriate 
structure, to reasonably reduce the weight, to address the sharp contradiction between 
the rigidity and the quality, to choose the optimal structure scheme and to realize the 
reasonable design of the whole radar is the duty of the structural designers. 


10.3.1.1 Aesthetic Configuration Design 


For a complex and large military metric wave radar with a complex structure, the 
configuration design should pursue the design concept combination the function and 
the space aesthetics into one, emphasize the sturdiness of the military equipment, 
and achieve the perfect unity of the advanced technology feeling and the military 
temperament in the metric wave radar system. The idea is based on the aesthetic 
principles and expressive techniques of spatial configuration, including: 


(1) Unity and change 


For the metric wave radar, especially the fixed metric wave radar, the antenna 
subarrays has large volume and large number, so the antenna arrays of most metric 
wave radars are very large. The subarrays are arranged regularly on the hundreds of 
square meters, and the visual senses of order and oppression are felt. On the other 
hand, the auxiliary equipments such as the lightning rods, the blanking antennas, or 
the small antenna arrays of the second radar arranged at the bottom, provide the highly 
unified array with additional varying elements. As shown in Fig. 10.1, the Russian 
“Voronezh-M” fixed radar has the different color blocks on the antenna array, which 
not only helps the radar stealth in the open area, but also perfectly combines the unity 
and change into its spatial configuration. 


(2) Symmetry and balance 


In mobile metric wave radar configuration, the aesthetic principle of symmetry 
and balance is particularly evident. Due to the limitation of the area and stability of 
the vehicle platform, the deployable antenna should be symmetrical as far as possible 
along the central axis, so as to ensure the center of mass of the antenna on the central 
axis, reduce the risk of the overturning of the vehicle platform, and also make the 
modeling have civilized and sturdy visual senses. Moreover, if the structure can 
not be completely symmetrical (Fig. 10.2), for the antenna subarrays with different 
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Fig. 10.1 Russian “Voronezh-M” fixed metric wave radar 


structures, the mechanical balance is satisfied, and the antenna’s overall visual layout 
should be stable and balanced along the central axis. 


(3) Contrast and harmonization 


As shown in Fig. 10.3, a foreign fixed metric wave radar, the frame type antenna 
array is located on the cement base, and a row of equipment rooms are at the rear 
of the base. The antenna array and the cement base, the equipment rooms form a 
virtual-real contrast, which highlights the lightness of the antenna and the solidness 
of the base. Although the whole radar is large, the sense of body volume is greatly 
weakened. At the same time, because of the great disparity between the antenna 


Fig. 10.2 A metric wave 3D radar made in China 
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Fig. 10.3 A foreign fixed metric wave radar 


array and the base, to reconcile this strong contrast, the control building with the 
dark walls stands in the middle of the equipment rooms, serving as a link and a 
transition between the antenna and the bottom equipment rooms. This makes the 
whole radar system not only tall and straight, but also have a table visual image. 


(4) Cadence and rhythm 


The configuration of the metric wave radar mostly is relatively sparse frame type. 
As the supporting frames of the antenna array, they usually have the longer distance 
apart and are arranged in a straight line, such as the US OTH-B over the horizon 
radar, as shown in Fig. 10.4. 

The supporting frames with great structural senses and the “white” between the 
supporting frames alternately repeat combination, which functionally ensures the 
windward blowing through the supporting frames, to reduce the wind resistance of 
the antenna array and make a sense of strict and orderly rhythm of the configuration. 


10.3.1.2 Configuration of Bearing Structural Parts 


1. Configuration optimization 


In the stage of the overall scheme demonstration of the radar structure, in addi- 
tion to the necessary aesthetic design, we also need to considerer several aspects 
according to the antenna electrical performance, the working state, the mechanical 
performance, the reliability and the manufacturing process requirements. The con- 
figuration optimization is based on satisfying the structure and function of the radar, 
and designs the optimal force transfer path and material distribution of the struc- 
ture. The configuration optimization is at the initial stage of the design of the radar 
mechanism. Although it does not involve the size design of the specific structure, 
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Fig. 10.4 US OTH-B over the horizon radar 


the overall consideration of the product’s performance (array size, equipment lay- 
out, maintenance space, stiffness, strength, weight, etc.) can be carried out by the 
configuration optimization, which can make the design in the right direction at the 
beginning and avoid most repeats at the final stage of the design, so as to shorten 
product design cycle and save design cost effectively. 

At present, the topology optimization is mainly used to optimize the configuration 
of radar. As a high level optimization design technology, the topology optimization 
theory has been developing rapidly in the past twenty years. All kinds of new theo- 
ries and computing methods are constantly emerging, and have been applied to the 
fields of automobile and aerospace. Topology optimization is a mathematical method, 
which can transfer the external loads to the positions of the structural support in a 
given space structure, and make the performance of the structure optimal. It not only 
optimizes the shape of the structure’s boundaries, but also optimizes the number and 
distribution of the holes within the structure. Some common finite element softwares 
such as OPTISTUCT, TOSCA and ANSYS, provide the topology optimization sim- 
ulation modules to process and calculate before and after the topology optimization. 
For example, in Fig. 10.5, in order to obtain the antenna framework which has the 
simple structure, the clear force transfer path and light weight, the configuration of 
the antenna framework is optimized by the finite element software in the scheme 
stage. The initial model of the optimization is the trapezoid supporting structure. 
The maximum deformation is the constraint premise, and the minimal material is the 
optimal goal. In the trapezoidal design space, the optimal material area distribution 
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Fig. 10.5 The topology optimization diagram of the antenna framework configuration 


map is achieved by the topology optimization. On this basis, through engineering 
feasibility analysis, we finally get the “" A" (a chinese character, meaning human) 
font structure which has the concise configuration and meets the requirements of the 
force transfer path. 


2. Particular structural form 


The main function of the antenna framework is to install and fix the antenna 
subarrays, and ensure the accuracy of the array under loading. Considering the result 
of the configuration design and the topology optimization based on aesthetics, we 
can reasonably choose the particular form and material of the bearing structure. At 
present, the metric wave radar bearing structure mainly has the following several 
forms: 


(1) Tower mast structure 


In general, the tower mast structure is widely used as a radar bearing structural 
form. Generally, the structure is high, the cross section is relatively small, and the 
horizontal load (especially the wind load) is the main basis of the structural design. 
According to its structural form, it can be divided into two kinds: the pulling mast 
structure and the self supporting tower. 

The stability of the pulling mast structure depends on the ropes, because of the 
support of the ropes, the mast can be thin and light. The body of mobile mast antenna 
is usually assembled by several sections. When erected, it can be raised one by one, 
and when transported, it can be divided into several sections which are not long. 
The mast not only supports the antenna, but sometimes the body of the mast is 
also used as an emitter. In general, the steel cords or steel strands are used as the 
ropes, and the layout is divided into two kinds: three ropes and four ropes, which 
are respectively applied to the triangular section mast and the quadrangular section 
mast. The elevation arrangement of the ropes mainly includes the layers and the 
elevation design. It is necessary to comprehensively consider the overall stability, 
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Fig. 10.6 A pulling mast 
radar structure 


the installation and maintenance workload, the number of the ropes and the total 
weight of the ground anchor. Figure 10.6 is the structure of a large radar. The main 
mast adopts truss structure, and both sides use the ropes to increase the support, 
which makes the whole structure stable and the wind resistant capacity excellent. 

A self-supporting tower is a space truss structure whose cross-section is a positive 
polygon (a triangle, a square, a hexagon and an octagon). The cross-section size varies 
with the height, and a suitable curve shape can be determined according to the stress 
condition, as shown in Fig. 10.7. The tower is usually used to support antennas, such 
as the radar antenna tower. 


(2) Truss structure 


The truss structure is a structure composed of the rods connected to each other 
by hinges. In general, the truss is comprised of the straight rods, and has a plane or 
space structure with triangular elements. The truss components are mainly subjected 
to axial tension or pressure, which can make full use of the strength of the material 
and reduce the weight and rigidity of the material in a larger span than the real 
abdominal beams. 

In the truss structure, the stress of each truss component is mainly dominated 
by unidirectional tension and pressure. Through the rational arrangement of the 
upper and lower chords and the abdominal rods, the bending moment and the shear 
force distribution in the structure can be adapted to the structure. The structure 


322 10 Structural Design of Large Metric Wave Radar 


ae 
My N 


A iim iN a iaiia 
Fig. 10.7 A self supporting radar tower 


is flexible and widely used. Contrast with the real abdominal beams (that is, the 
beams that we generally see), in the bending aspect, because the internal force arm 
is increased by placing the cross sections which are tensioned and compressed in 
the upper and lower ends, the truss beams with the same amount of material achieve 
more bending strength. In terms of shearing resistance, the shearing force can be 
gradually transferred to the bearing by rationally arranging the abdominal rods. In 
this way, whether bending resistance or shearing resistance, truss structure can make 
full use of material strength. The more important meaning is that through the effect of 
transverse bending, it transforms the complex stress state within the real abdominal 
beams into the simple tension stress state within the truss components, so that we 
can intuitively understand the distribution and transfer of the force, and facilitate 
the change and combination of the structure. Figure 10.8 is a typical truss structure, 
which is supported by triangular truss. Its characteristics include light and compact 
structure, great rigidity, and high stability. 


(3) Rigid frame structure 


The rigid frame is a structure composed of several straight rods with rigid nodes 
(part of which can be hinge nodes). Contrast with truss structure, the rigid frame 
structure bearing capacity is greater, the constraint deformation ability is stronger, 
the structure is relatively simpler, the construction is more convenient, but the rods 
coordination ability is weak, the force transmission is poor, and the amount of steel 
is relatively larger. In the design of the rigid frame structures, the rods connection is 
an important part in the design of such structures. The connection methods concern 
the force transmission and use requirements of the structures. Therefore, the rational 
selection of the rigid frame structure connection method should not only make the 
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Fig. 10.9 The structure of an antenna array surface 


force transmission clear, concise, reliable and safe, but also make the structure simple, 
the material saving and the construction convenient. The 3D metric wave radars 
mostly use planar array antennas, and the antenna faces are more regular. The primary 
and secondary beams are rigidly connected to form a well pattern structure, whose 
shape is like a vertical and horizontal “door plank”, as shown in Fig. 10.9. 


324 10 Structural Design of Large Metric Wave Radar 


Fig. 10.10 The plate and 
shell structure of a type of 
radar 


(4) Plate and shell structure 


Plate and shell structure is a structure whose thickness is smaller than the length 
and width. A plane surface is the plate, and a curved surface is the shell. In the radar 
structure, the thin shell structure has beautiful shape, simple force transmission line, 
and great bearing performance. In addition to bearing structure, it can maintenance 
the structure, combing the two functions into one, and saving more materials. In the 
design of the radar structure, the wind resistance of the plate and shell structure is 
not very well, it is generally applied to the smaller size structures and components. 
Figure 10.10 is the radar antenna shell structure designed by the plate structure. This 
structure is generally not used in the large metric wave radar structure. 


(5) Grid structure 


The grid structure is a double-layer or multi-layer high-order statically indetermi- 
nate space system composed of multiple nodes connected in a certain grid form. It is 
usually made of the steel pipes or profiled steel materials. The grid structure can be 
classified into planar truss system, triangular pyramid system, four pyramid system 
and six pyramid system. Its general structure is shown in Fig. 10.11. Because of spa- 
tiality, simple force transmission, and good bearing performance, the grid structure 
has the advantages of large rigidity, great aseismic performance, light weight, easy 
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Fig. 10.11 The grid structure system 


Fig. 10.12 Grid bearing radar antenna 


fabrication and installation, and low cost. It has been widely used in the large metric 
wave radar. 

Figure 10.12 is the antenna structure of a type of radar. The structure of the antenna 
adopts space grid structure, and has excellent overall stiffness, wind resistance capa- 
bility and aseismic performance. 


10.3.1.3 Key Connection Configuration Design 


The bearing structure of the metric wave radar is mainly composed of components 
(such as rods, beams, trusses, etc.) which are made up of plates and section steels 
through necessary connections, and then form a whole structure through a certain 
installation. The joint nodes play the role of connecting the components and transfer- 
ring the internal force in the formation of the bearing structure, and also play the role 
of transferring load at the joints of different parts, so the nodes are an important part 
of the bearing structure. When selecting key connection configurations, we need to 
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Fig. 10.13 The welded hollow sphere nodes 


comprehensively consider different aspects, including mechanics, machining, man- 
ufacturing, material and construction. At present, the connection points of the metric 
wave radar mainly include spherical nodes, plate nodes, tube nodes and intersecting 
nodes. 


1. Spherenode 


The sphere node is used most widely in the radar bearing nodes. It is often used for 
the intersection of three or multi direction components. According to the connection 
forms of the components, it can be classified into three types: welded hollow sphere 
node, ordinary bolt sphere node and new type bolt hollow sphere node. Of them, 
the welded node is mostly used in permanent rigid frame bearing components of the 
radar structure, and bolt node is mostly used in detachable truss components. The 
sphere node has large stiffness and great adaptability. Because of the non directional 
property of the sphere, the node is subjected to uniform force and has the advantage 
of automatic centering, not producing eccentricity. The main disadvantage is that the 
structure of the node is complex and consumes time and materials. 


(1) Welded hollow sphere node 


The node is made of two round steel plates, which are manufactured into two 
semicircular spherical shells by hot or cold pressure, and then welded to form a 
sphere structure. This is classified into ribbed form and non-ribbed form, as shown 
in Fig. 10.13. When the sphere diameter is too large or the internal force of the rod 
is large, the rib stiffener can be welded in the middle of the two hemispheres to 
increase the rigidity and strength of the sphere. The rib stiffener is usually placed in 
the maximum stress plane, and the mid material is removed to reduce the self weight 
of the structure. The physical structure of a welded hollow sphere node is shown in 
Fig. 10.14. 

The structure of the welded hollow sphere node does not require special surface 
treatment for the rods and the spheres and complex processing for the nodes, so is 
connected simply. This advantage is more prominent when the nodes of the intersec- 
tion are more. The sphere node has an isotropic structure. The bearing of the node is 
reasonable and the force transfer path is clear. The single welding seam makes the 
node stiffness larger and the overall stability better. Therefore, this kind of node is 
widely used in the connection of all kinds of grids. 
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Fig. 10.14 The physical 
drawing of a welded hollow 
sphere node 


(2) Ordinary bolt sphere node 


The bolt node is made up of bolt connections, and mostly used for the detachable 
connection and the connection structure of the framework itself. The advantage is 
that the assembly and disassembly is simple. The disadvantages are that the manu- 
facturing process is increased and the section of the component is weakened. The 
ordinary bolt sphere nodes consist of bolt spheres, steel spheres, pins, bushings, 
high strength bolts and cone head components. The bolt sphere nodes have definite 
bearing, and the spheres have no directivity. They can connect with any rod in any 
direction without eccentricity. The advantages are strong generality and high degree 
of standardization. The disadvantages are the complex structure of the node, the large 
amount of steel, and the high requirement of the process, and there are the long force 
transfer path in the mechanical properties and the stress concentration in the joint 
section of the pins, as shown in Figs. 10.15 and 10.16. 


(3) New bolt hollow sphere node 


The new bolt hollow sphere node is mainly composed of regular shells, cover 
plates, bolts, inner and outer gaskets and cone heads, as shown in Fig. 10.17. Com- 
pared with a solid sphere node, the hollow spherical node is easy to construct and 
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Fig. 10.16 The physical 
drawing of solid bolted 
sphere node 


fit, and has less steel consumption and lower technological requirements. The bolts 
and the rods are connected by separating the sphere covers. This node is suitable for 
the grid shell structure and the truss structure which use the steel pipes as the rod, 
and the steel pipes and the hollow spheres are not eccentric in nature. 


2. Plate node 


The plate node is made up of welded or bolted steel plates, as shown in Fig. 10.18. 
This kind of node is mainly applied to the plate and shell structure and truss structure 
of common steel members, such as angle steel and I-beam, and it has flexible and 
changeable characteristics. 


3. Tube node 


The tube node refers to that the connectors are hollow cylinders, and the nodes 
are formed by directly welding on the cylinder surface of intersection, as shown in 


Fig. 10.17 The hollow bolt sphere node 
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Fig. 10.18 The plate node 


Fig. 10.19 The tube node 


Fig. 10.19. The form of the node is similar to the foregoing welded hollow sphere 
node. The difference is that the hollow cylinder connectors can be welded directly, 
thus reducing the process of making the hollow spheres and the amount of steel, so 
it has the advantages of simple connection and saving material. Its disadvantages are 
that the intersection of cylinders lead to a curved surface between the end of the rod 
and the steel tube, and the cutting of the rod is complicated. At the same time, it no 
longer possesses the automatic centering characteristics of the spherical nodes, and 
the eccentric force is easy to produce. Therefore, the tube node is mainly used for 
the connection between the smaller size components to reduce the use of materials. 
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Fig. 10.20 The intersecting nodes 


4. Intersecting node 


The intersecting nodes are mainly used for the connection of the grid structure. 
To form the intersecting nodes, we firstly mechanically machine the ends of grid 
abdominal rods so as to intersect them each other, and then directly weld them to the 
walls of the main tubes, or we directly weld a main tube at one direction to the other 
main tube, as shown in Fig. 10.20. 

In mechanical properties, the transfer force path of the intersecting node is simple 
and clear, which is convenient for the calculation and design of the node bearing; 
the node can connect the rods in any direction, so it has a strong adaptability. Its 
disadvantages include large installation work, difficulty in machining and positioning 
of the rods, large residual stress of the structure. These shortcomings are mainly 
caused by welding connection. 

The intersecting nodes have many disadvantages, but the nodes are widely applied 
in practice due to its convenient design and beautiful appearance. 

There are various forms of nodes. In actual use, we can choose a reasonable node 
form according to the site conditions, or design a new form of nodes. In the design 
process of key connection points of radar structure, first of all, the connection of 
the nodes should be designed according to the structural bearing characteristics and 
the requirements of use. The following design principles should be followed in the 
design. 


(1) Avoid setting interfaces in the areas where stress is large, stress is complex and 
space is narrow. 

(2) The node construction should be simple for construction, with little additional 
stress and no easy to accumulate water. 
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(3) The detachable connections should be flanged as far as possible, and the cemen- 
tation should not be used alone in the field work. 

(4) Treat seriously the problems of component eccentricity, two-force rod bending 
and welding stress. 

(5) Punching, slotting and tinkering in the important parts, or local connection on 
the thin wall are strictly prohibited. 

(6) When designing, avoid the corrosive connection nodes, causing connection per- 
formance degraded. 


10.3.2 Wind-Resistant Safety Design Technology 


For the structure of the metric wave radar, the wind load is the uppermost load. The 
safety design of wind resistance is primary in the structural safety design. Wind 
resistance design is directly related to the safety of the whole structure, which is a 
key factor in determining the success or failure of the overall structure design. It must 
be considered and demonstrated in the design phase of the scheme. 

The wind load of a body is comprised of frictional resistance and pressure drag 
(including form drag, induced drag and wave resistance). For the non-streamlined 
antenna structure, the frictional resistance is much smaller than the pressure drag, 
and the wind load is derived from the form drag related to its configuration. The 
factors that affect wind force are very complex. Through theoretical formulas, it is 
difficult to calculate the wind force which the antenna structure bears with, and the 
experiments usually determine it. According to similarity theory and dimensional 
analysis, the formula of wind force and wind moment can be expressed as 


F=CrqA (10.1) 
M =CyqAD (10.2) 


Among them, Cr and Cy are the wind force coefficient and the wind moment 
coefficient respectively, related to the structure shape and Reynolds number; and q 
is the dynamic pressure, related to the air density, q = v? / 16 is used in the inland 
areas, q = v?/ 17 is used in the coastal areas, and g = v?/ 19 wy? | 18 is used in 
the plateau and the alpine areas. A is the characteristic area (m°) of the antenna; D 
is the dimension (m) of the antenna aperture that is vertical to the azimuth axis; v is 
the wind speed (m/s). As shown above, as long as the wind force and wind moment 
coefficients are obtained by the experiments, the wind force of similar objects can 
be calculated. The antenna wind force test is usually carried out in the wind tunnel, 
and the scale-down model is used to replace the structure, as shown in Fig. 10.21. 
In addition to the geometric similarity, the scale-down model should be similar to 
the boundary condition and the air flow condition. The experimental data obtained 
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Fig. 10.21 The radar wind tunnel test 


at this time is by the actual conditions and meets the requirements of the engineering 
application. 

The metric wave radar’s safety problems under strong wind mainly include two 
aspects: one is stability, and the other one is stiffness and strength. The stability 
problem mainly refers to the anti overturning ability of the whole radar structure and 
the bending-resistant ability of the local main supporting structure, and the stiffness 
and strength problem refers to the stiffness and structural strength failure of the radar 
antenna array. Next, we will expatiate on these two aspects respectively. 


10.3.2.1 Wind-Resistant Stability Design 


1. Anti overturning design of the whole radar structure 


For the small antenna array structure, its bearing overturning moment caused 
by the wind is relatively small, and the overturning problem of the whole structure 
in high wind is not outstanding. For the metric wave radar, whose antenna array 
has increased aperture and weight, its overturning moment under the high wind has 
exceeded 100-ton m. The anti overturning problem of the whole radar has gradually 
emerged, and it has become a new problem for the designers. To improve the structure 
of the anti overturning ability of the metric wave radar, we mainly adopt the following 
design principles: 


(1) We strictly control the position of the center of gravity of the radar in various 
conditions and make it always fall within the overturning edge, which is the key 
to ensure the stability of the radar. 
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(2) Improve chassis rigidity, lower the bearing surface height and reduce the inertia 
of the antenna. 

(3) The main bearing back frame adopts open truss structure, and the antenna sub- 
array is individually packaged, to increase the air permeability and the wind 
load. 

(4) We strictly control the weight of the equipment on the array. The lightweight 
helps to reduce the scale of the antenna lifting mechanism and the azimuth 
driving mechanism, to control the weight of the whole machine. 

(5) Take the long span supporting legs, increase the number of supporting legs, and 
arrange the distribution of the supporting legs reasonably. 

(6) When the site condition is suitable, we can flexibly use other vehicles for rigid 
splicing, to increase the stability radius and weight of the chassis and improve 
wind resistance. 

(7) According to the military standards, we should consider the weight and size 
limits of the transportation units; and according to the tactic indexes, we should 
considering the requirements for the number of transportation units and the 
dynamic erection, so the weight of the antenna and the length of the chassis 
should be controlled within a reasonable range. 


The following three methods can be used to calculate the stability of wind resis- 
tance. 


(1) Moment method 


The moment method is used to check the anti overturning stability. In the whole 
machine, the algebraic moment sum of the external loads (including wind force, 
eccentricity force and inertia force) on dangerous overturning edges must be not less 
than the corresponding moment caused by self-weight. 


) Miotal =M wind + Meccentricity F Minertia 2 Mgert - weight (10.3) 


The moment method uses rigid hypothesis for the structural deformation of the 
whole machine, and more than two safety factors should be taken in the actual design. 


(2) Multi-body dynamic method 


The radar system is a complex multi-body system, involving a series of complex 
conditions such as mechanical motion and system control. Therefore, a multi-body 
dynamic analysis of the radar system should be carried out to fully consider the 
bearing characteristics of the whole radar in a complex external environment. Taking 
a metric wave radar as an example, by establishing a reasonable dynamic topological 
relationship (Fig. 10.22), a correct multi-body dynamic model is obtained, and the 
stability of the whole vehicle is judged by the pressure value of each axle of the 
vehicle. It is necessary to point out that the rigid hypothesis of the whole machine 
structural deformation is also adopted in multi-body dynamics, and we don’t consider 
the influence caused by the elastic deformation of the structure, so the method is 
suitable for the radar structure with the stronger overall stiffness. 
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Fig. 10.22 The topological relationship diagram of the radar system 


(3) Computational mechanics method 


Considering the structural deformation, we use the computational mechanical 
method to investigate the stability of the local supporting legs, which includes the 
repeated iterative method based on the linear problem and the contact mechanics 
based on the nonlinear problem. Firstly, the iterative method based on the linear 
problem is used to complete the full constraint on all legs to calculate the reaction 
force of each leg, and then remove the reaction force of the legs to recalculate the 
corresponding constraint of the pulling force. The calculation cost of each linear iter- 
ative analysis step is small, however, because of needing more manual intervention, 
especially increasing the supporting legs of the large equipment, the iterative process 
of manual judgment becomes more and more complex. At the same time, the method 
applies or relieves the freedom degree of all nodes on the contact surface of the whole 
leg at each iteration step, and can not simulate the local upswept phenomenon of a 
single leg, which may appear in the actual working state. When the contact mechanics 
method is used to solve the stability problem of multi supporting legs, we can only 
one time solve for the contact state of all the legs and the force-deformation of the 
legs, so as to avoid more cost of manual intervention, and can obtain the structural 
mechanical response behaviors that can simulate the local upswept phenomenon of a 
single leg. Figure 10.23 is wind stability analysis model is established on the contact 
algorithm for a vehicle based large metric wave radar. 


2. Stability design of the main supporting structure 


There are often some lifting mechanisms or tower mast configurations in the 
structure of the metric wave radar, and the bearing force is determined by the stability 
conditions of the main supporting structure in the case of high wind. In the structural 
design, both the overall stability and the local stability should be simultaneously 
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Fig. 10.23 The wind resistant stability analysis model based on contact algorithm 


satisfied. In the past, the structural engineering accidents caused by the instability of 
components at home and abroad happen repeatedly. 

The overall stability of the metric wave radar structure refers to that the critical 
state of the supporting structure, which is subjected to the larger pressure load under 
the action of the wind load, causes the indefinite deformation of the structure through 
a little increase of the external force, making the structure lose stability and causing 
the overall failure. The overall stability of a single component can be guaranteed by 
selecting the proper section of the component. However, for the increase of the aper- 
ture and the difference of the configuration, in the metric wave radar, there are more 
structural design components, so the structure overall stability problem is difficult to 
solve. At present, it is mostly verified by the modern numerical analysis methods or 
test methods. When the structure is preloaded, such as the pre-stressed ropes around 
the mast, the preload should be considered in the buckling analysis. Otherwise, the 
calculation result may have large error. In Fig. 10.24, the buckling mode of a large 
metric wave array structure is calculated. The different order modes correspond to 
different local possible unstable parts. When the buckling load coefficient is more 
than 1, it means buckling-restrained. The greater the coefficient is, the better the 
stability is. According to the buckling stability analysis of the rods, the first-order 
buckling load coefficient is 16, and the overall stability of the antenna frame work is 
large. 

For a main supporting structure subjected to complex loads, it is possible not 
only to lose overall stability, but also to lose local stability. The local stability is the 
phenomenon that when the load is achieved to a certain value, under the loading 
action, the plate parts which constitute the component can not continue to maintain 
the plane balance state and produce the convex curve. The result of losing local 
stability is that it can lead to losing the structure bearing force immediately, though 
the overall stability is not lost. The loss of local stability changes the bearing status 
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Fig. 10.24 The buckling mode of a large metric wave antenna array structure 


of the structure, and reduces the overall stability and the stiffness of the structure. In 
the structural design, the local stability of the structure is mostly limited by the width 
to thickness ratio of the plates, and the rate does not exceed the allowable value. In 
some locations, various rib stiffeners can also be used to improve the local stability 
of the panels. 


10.3.2.2 Wind-Resistant Stiffness and Strength Design 


The design of the antenna structure needs to solve a series of contradictions and 
problems, but in comparison, the weight of the stiffness and strength problem is 
greater. It is often the control factor in the structural design. By optimizing the 
design, the main contradiction that the designer faces is to use the minimum mass to 
realize the specified stiffness and strength index. 


1. Stiffness design 


The deformation of radar antenna array directly determines the electronic perfor- 
mance of the radar, and how to ensure the stiffness of the radar in the case of high wind 
is the main work of the wind resistant design of the radar structure. The core of the 
antenna structure design is the precision, and the realization of the precision mainly 
depends on the stiffness of the structure, that is, the ability of the structure itself to 
resist deformation under the specified load conditions. To improve the stiffness of 
the metric wave radar antenna structure, the following methods can be utilized: 
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(1) 


(2) 


(3) 


(4) 


Reduce the influence of the external load: accurately estimate the scale and 
influence of wind coefficient and wind load by the rational design wind speed, 
the scientific use of experimental means and calculation methods; and adopt 
sparse and slender components to reduce the wind coefficient. 

Select the rational structural form and layout: from the rationality of bearing 
force, the truss should be selected as the first choice, the design and calcula- 
tion are simple, and the processing and assembly are convenient; the layout 
should be in the proper statically indeterminate state, and no geometric variable 
phenomena are allowed to appear in any part. 

Select material: light mass, high strength, high modulus, temperature resistance 
and three protection metal materials or advanced composite materials are pre- 
ferred. 

Increase the inertia moment of the section: design the section shape reasonably, 
use the stiffeners correctly, and strengthen the bending stiffness. 


For the metric wave radar, when its height is greater than 30 m and the vertical to 


horizon ratio of the antenna is greater than 1.5, or the basic self-vibration cycle of 
the radar structure is lower than 4 Hz, because of wind pressure fluctuation on the 
structure, the effect of the tail wind vibration should be considered. The deformation 
distribution of the array can be accurately calculated by using the finite element 
method, and it is an important basis for design optimization and weight reduction. 
Figure 10.25 shows the deformation distribution of a large metric wave antenna array 
is calculated by using the finite element method. 
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. 10.25 The deformation distribution of a large array 
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2. Strength design 


Generally, the structure of the metric wave radar is large. In order to achieve 
better maneuver performance, the whole machine structure also undergoes large 
movements such as transportation, erection, lifting and turning, and especially in the 
case of high wind, the bearing force is even larger. The main content of strength 
design is to design a reasonable layout structure and ensure that the structure of the 
radar is not damaged under any limit condition. For the strength design of a metric 
wave radar structure, we should pay attention to the following aspects: 


(1) Avoid setting interfaces in the areas where stress is large, stress is complex or 
space is narrow. 

(2) The interface design between components and the interface design between 
whole parts should be closely calculated and simple for construction. 

(3) The detachable connections should be flanged as far as possible. 

(4) Treat the problems of component eccentricity, two-force rod bending and weld- 
ing stress seriously. 

(5) Punching, slotting and tinkering in the important parts, or local connection on 
the thin wall are strictly prohibited. 


The structure strength design belongs to the problem of mechanical analysis. The 
mechanical analysis of radar structure is often complex, and the exact solution must 
be aided by the numerical methods, such as finite element method. However, in the 
stage of scheme demonstration, when we grasp the main contradictions, omit the sec- 
ondary factors, and reasonably put forward the simplified structure, itis often feasible 
and time-saving to use the knowledge of the material mechanics and the structural 
mechanics to carry out the primary design. In the detailed design stage, when the 
structure configuration design is complex, the detailed mechanical strength analysis 
can be carried out for the whole machine structure, or the detailed demonstration of 
the weak links is carried out to improve the structure strength. The detailed finite 
element analysis and demonstration of the strength of a large vehicle metric wave 
radar’s turntable in wind load is shown in Fig. 10.26, including bolt connections, 
inner reinforcement plates, oil cylinder supporting ears, antenna supporting ears and 
back supporting ears. Through this detailed demonstration, the structural designers 
can gain effective data support and theoretical foundation. 


10.3.2.3 Wind-Resistant Safety Design Method 


With the increasing complexity and integration of radar equipment, the require- 
ment of radar structure design in modern engineering is also improving. In the 
design process, the combination of CAD and CAE technologies plays a signifi- 
cant role in improving the design level and design efficiency of the structural radar 
equipment and shortening the cycle of product development. CAE technology is the 
result of the deep development of CAD technology. Designers can replace the tradi- 
tional “design-verification design-redesign” cycle with the modern design method of 
“design-simulation design-improved design”. The structure of the large metric wave 
radar is complex and the number of components is large. The cost of traditional 
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Fig. 10.27 The process of radar structure safety design based on simulation technology 


safety verification experiment is high and the cycle is long. In the structure design, 
it is more necessary to introduce the simulation design technology to consider the 
structure safety performance. A flow chart of radar structure safety design based on 
simulation technology is shown in Fig. 10.27. 

After solving the deformation and stress of the metric wave radar through the 
finite element method, we can carry out the optimization design for the antenna 
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structure. The mathematical description of the antenna structure optimal design is 
the quantitative expression of the optimal design model given after the comprehen- 
sive analysis of its design variables, performances, shape constraints and objective 
functions. The design variables include the size of the sections reflecting the thick- 
ness of the rods and the plates and shells, the coordinate variable of the chord nodes 
under the back frame, and the generalized design variables which are expressed by 
the shape of the continuum. The constraints include the quality limit, the square root 
of the reflection surface, the stress constraint, the inherent frequency constraint. The 
object functions include the structural quality, the reflection surface precision, and 
structural reliability. 

We take the section size optimization as an example and introduce the metric wave 
radar structural safety optimization design method. The section size has a direct 
and decisive influence on the stiffness of the whole radar. The main problem of 
designers is that in the antenna structure design, how to realize the specified stiffness 
index through optimization design and the minimum quality. The size optimization is 
generally called parameter optimization (changing the parameter value of the model 
and keeping the grid model unchanged). It can optimize the parameters of the finite 
element model, such as the thickness of the plate, the section size of the beam, and 
the material properties. According to the design stage, it can be separated into two 


types. 


(1) Free size optimization for the concept design. This technology is used to deter- 
mine the thickness distribution of non-equal thickness thin wall parts (plate and 
shell element), such as the thin-walled space of the digital array module box. 

(2) Size optimization for detailed design. At this time, the antenna structure has been 
determined, and only a few specifications and parameters need to be determined. 
In practical engineering applications, the discrete variables are often used to 
optimize. 


When designing the antenna, by the product stage (the technical state of the 
antenna structure), the designers can carry out the size optimization for the design 
variables according to the design objective under the design constraints. The typical 
optimization process is shown in Fig. 10.28. 


10.3.3 Automatic Erection Design Technology for Metric 
Wave Radar 


An important index of the ground mobile metric wave radar is the erection time, and 
the automatic radar erection is an important means to reduce the erection time and 
improve the mobility of the radar. It is also the key technical difficulty of the radar 
structure design. This book mainly introduces the automatic erection of the metric 
wave radar working platform, the automatic erection technology of the antenna array 
and the automatic splicing technology of the antenna array. 
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Fig. 10.28 Typical size optimization design process 


10.3.3.1 Working Platform Automatic Erection 


The main function of the radar antenna working platform is to provide reliable struc- 
tural support for the antenna and turntable. It has automatic leveling function to meet 
the levelness requirements of the carrying equipment and has good maneuverability. 
It can be erected and withdrawn during the required time. There are various simi- 
lar platforms at home and abroad. They are separated into three points supporting, 
four points supporting and six points supporting according to the supporting struc- 
ture; they are separated into manual leveling and automatic leveling according to 
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the leveling form, and four legs leveling and six legs leveling are the commonly 
used automatic leveling forms; they are separated into the electro-mechanical and 
electro-hydraulic types according to the actuating mechanism. 

Due to the huge antenna array and heavy upper units of the large metric wave 
radar, the traditional four leveling legs cannot meet the requirements of the work. It 
is necessary to adopt the structural form of leveling legs plus auxiliary supporting 
legs, which can be designed as four, six, eight auxiliary supporting legs according to 
the needs, as shown in Fig. 10.29. 

The servo control of platform automatic erection mainly uses the automatic lev- 
eling and auxiliary supporting to complete the antenna platform automatic erection 
together. The platform control system is generally composed of platform control box, 
hydraulic system, sensors and actuators. The platform control box is the main con- 
trol unit, which controls the hydraulic system to perform the corresponding actions 
according to the operation instructions, and detects all kinds of state information in 
real time, including control modules, circuit breakers, relays, operation panels and 
so on. The hydraulic system is the actuating mechanism, mainly including hydraulic 
pump stations, solenoid valve groups, supporting leg hydraulic motors and corre- 
sponding pipelines, as shown in Fig. 10.30. 

We take four points leveling plus eight auxiliary supporting legs as an example 
to explain the platform erection control. The four leveling legs are located on the 
front and back sides of the antenna vehicle. The front, middle and rear parts of the 
antenna vehicle respectively have a pair of manual unfolding supporting arms and 
the corresponding auxiliary supporting legs. In the middle of the antenna vehicle, 
a couple of auxiliary supporting legs are also installed, which can ensure the anti 
overturning force of the antenna under various conditions. The structural design of 
the leveling legs plus the auxiliary supporting legs improves the stability, but it also 
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Fig. 10.30 Platform automatic erection block diagram 


brings the problem that how to make the auxiliary supporting legs fall to the ground 
without destroying the leveling precision and play the auxiliary supporting role. 

The platform supporting control process mainly has the following steps. The 
antenna vehicle arrives at the working position, deploys the supporting arms, man- 
ually unfold the locks, and then the system is power on. Four leveling is supporting 
legs extend, and after falling to the ground, they are automatically leveling to stop, 
achieving the leveling precision. Eight auxiliary supporting legs extend to the ground 
and support the whole platform. 

When the four point leveling system begins to level, the four falling points are 
tested to ensure that the four leveling supporting legs reliably fall to the ground. 
Then, according to the numerical value of the horizontal sensors, we use four points 
rising automatic leveling method, that is, all of the four supporting legs participate in 
leveling, and follow the “only rising, no falling” principle. According to the informa- 
tion of the horizontal sensors’ X axis and the Y axis, the highest point is found, the 
highest point is kept, and the other low points are controlled to approach the highest 
point regarding a certain control algorithm. The stopping condition is that when the 
platform meets the leveling accuracy, the leveling ends. After the leveling is com- 
pleted, the auxiliary supporting legs need supporting for grounding, which cannot 
appear the false grounding phenomenon and affect the leveling accuracy. In order 
to solve the problem of the auxiliary legs grounding and avoid the false grounding, 
the grounding switches are designed inside the auxiliary supporting legs. When the 
supporting legs touch the ground, the switches close to stopping the supporting legs, 
making them fall to the ground without affecting the leveling precision. 
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10.3.3.2 Antenna Array Automatic Erection 


The antenna array automatic erection is comprised of the antenna array automatic 
deploying/folding, the antenna array automatic stitching/decomposition, the antenna 
array automatic lifting/recovery and the antenna array auxiliary support. The antenna 
array automatic deploying/folding technology is often used in a single vehicle trans- 
portation mode, enabling the radar to rapidly response. The antenna array automatic 
splicing/decomposing technology is often used in the multi-vehicle, multi-antenna 
decentralized transportation mode, and all parts of the antenna array are combined 
in the radar site. The antenna array automatic lifting/recovery technology is used as 
the basic operation of the antenna array automatic erection, and the antenna array 
auxiliary supporting technology is mainly used to enhance the stability of the antenna 
array in the working state. 

To ensure the stability, the main bearing framework of the antenna is separated 
into two parts, the upper back frame and the lower one. In the transportation state, the 
antenna’s upper and lower back frames are folded and need to overturn and deploy 
when working. Therefore, the antenna back frame needs to have the 180° overturning 
and folding function. The basic overturning and folding structure include an upper 
back frame, a lower back frame, two groups of overturning cylinders and locking 
mechanisms. A group of oil cylinders between the lower back frame and the rocker 
arm can be turned over 90°, another group of oil cylinders between the upper back 
frame and the rocker arm can be turned over 90° again, and then the combined 180° 
overturning and folding are completed. In order to ensure the location and lock, two 
groups of positioning and locking devices are set up between the upper and lower 
back frames, one group are the positioning pins and the other are locking latches, as 
shown in Fig. 10.31. 

Generally, the antenna lifting is achieved directly by the three-stage oil cylinder 
with a large diameter. When the lifting oil cylinder works, the auxiliary back sup- 
port and its three groups of supporting rods act accordingly. After completing the 
antenna lifting, the lifting cylinder stops, and the auxiliary supporting rods reach the 
supporting positions under the action of the supporting rod cylinder, which has the 
self-locking devices. When working, the antenna relies on the lifting cylinder and 
the auxiliary back support to ensure its rigidity and stability. The antenna array of 
the metric wave radar has large size and high weight, so when designing the lifting 
mechanism layout, we should increase the lifting arm of an antenna as far as possible 
in order to reduce the lifting force which the antenna frame bears. But this leads to 
a problem that the lifting mechanism needs the larger telescopic ratio, and it is diffi- 
cult to adopt the single stage lifting mechanism to meet the stroke need. The lifting 
mechanism can adopt multistage hydraulic direct lifting technology, connecting rod 
combination lifting technology or main and auxiliary multi-point relay lifting tech- 
nology to solve the larger telescopic ratio problem. When using these techniques, 
we must accordingly adopt the position protecting mechanism and the auxiliary sup- 
porting mechanism, to ensure the rigidity, stability and safety of the antenna system. 
The auxiliary supporting mechanism can adopt a wire rope retractable mechanism, 
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Fig. 10.31 The back frame overturning 


a single link mechanism or a multi-link coordinated lifting mechanism to achieve 
erection/withdrawal. 

For the 3D metric wave radar, the precision of the antenna framework planar array 
is high, and the auxiliary back support on the array surface can effectively reduce 
the antenna cantilever, and improve the stiffness of the framework and the precision 
of the array surface. The auxiliary back support is fully deployed and folded by an 
automatic erection system, which is easy to reduce the risk of personnel operation. As 
shown in Fig. 10.32, the auxiliary back support of a metric wave radar uses a multi- 
link coordinated lifting mechanism and emplaces to forma stable support structure 
for the array surface. The safety lock is set in the oil circuit, and the mechanical lock 
is set in the cylinder. 

The overturning, lifting and auxiliary support of large antenna usually adopt 
hydraulic control system, which is mainly composed of an array surface control box, 
a hydraulic system, and its actuators. The array surface control box is the main con- 
trol unit, which controls the hydraulic system to perform the corresponding actions 
according to the operation instructions, and mainly includes the control modules, 
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circuit breakers, and relays. The hydraulic system is the actuator of the action, mainly 
including the hydraulic pump station, solenoid valve group, overturning mechanism, 
lifting mechanism, auxiliary supporting rods, locking/unlocking mechanism and the 
corresponding pipelines, as shown in Fig. 10.33. 

The control process of the antenna array automatic erection mechanism is com- 
plicated. The lifting cylinder needs to take different speeds according to the different 
angles. At the same time, in order to complete the action function, each supporting 
rod and the back supporting cylinder need to cooperate. In the control process, the 
multichannel sensors are used to carry out the position sampling to ensure the correct 
position in the action process, avoiding the stuck phenomenon. 
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10.3.3.3 Antenna Array Surface Automatic Stitching 


The antenna array surface of the large metric wave radar is mostly stitched with 
multiple antenna array surfaces and mainly erected by two ways: crane lifting and 
automatic splicing. The crane lifting requires operators to have a professional quali- 
fication, and need long erection time, so this method restricts the mobility of the large 
radar. The antenna array surface automatic stitching technique uses the integrated 
design method of electromechanical, hydraulic, photoelectric and image analysis to 
complete the automatic splicing and assembling of the large vehicular radar antenna 
through the automatic splicing mechanism. 

There are two partitioning ways of the antenna array surface, namely vertical 
partitioning and horizontal partitioning. When the antenna array is divided into three 
blocks on the left, middle and right, or more blocks, the middle block can be directly 
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arranged on the main bearing framework, and the sub-block and the middle block 
can be connected by the automatic deploying/folding mechanism when the antenna 
is assembled. The mechanism can be driven in two ways: cylinder drive and motor 
drive. As shown in Fig. 10.34, the hydraulic deploying mechanism is adopted, and 
the quick pull-out joint is used in the hydraulic system to realize the combination 
and separation of the system. 

The aim of the antenna array surface automatic stitching is to realize the automatic, 
accurate and quick assembly when the precision of the antenna array is ensured, 
and the stitching is reliable. The automatic antenna splicing mainly includes dig- 
ital automatic measurement, servo control, and position and orientation automatic 
adjustment. The basic working principle is shown in Fig. 10.35. 
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Fig. 10.35 The antenna butting schematic diagram 
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Fig. 10.36 The digital automatic measurement system layout diagram 


(1) Accurately measure the posture data between a fixed antenna and mobile antenna 
through a digital automatic measurement device. 

(2) The measured position and orientation data is transformed into the spatial 6-DOF 
relative position and digital orientation information through data processing and 
analyze, and is transferred to the servo control system. 

(3) The servo control main control system sends out motion control instructions 
according to the position and orientation information and the set procedure 
and completes the mobile antenna posture adjustment and closing through the 
antenna position and orientation automatic adjustment mechanism. During the 
period, the digital automatic measuring device also needs to measure the position 
and orientation data between the fixed antenna and the mobile antenna in real 
time, in order to carry out the adjustment in real time. 

(4) Finally, the two antenna array surfaces are accurately positioned and locked by 
the positioning and locking mechanism. 

(1) Digital Automatic Measurement Technology 


Considering the actual index, environmental adaptability and cost of the antenna 
array surface, we can use the method combining laser radars with a CCD camera 
to automatically measure the position and orientation of the antenna array surface. 
The measurement system layout, as shown in Fig. 10.36, can accurately measure the 
distance (Y direction in Fig. 10.36) and the position and orientation information of 
the parallelism between the butting antenna array surfaces through a group of laser 
radars, then capture the presupposed targets on the fixed array through a wide viewing 
angle CCD camera, and obtain the position and orientation information including 
the altitude difference (Z direction in Fig. 10.36) and the spacing (X direction in 
Fig. 10.36) between the butting antenna array surfaces by calculating the captured 
images. Through the combination of these measurements, we realize an antenna 
array surface automatic butting digital measurement system with good environmental 
adaptability and low cost. 

Through these measurements, we can get the position and orientation parameters 
of each direction between the automatic stitching antenna array surfaces, to provide 
the foundation for automatic control. 
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Fig. 10.37 The antenna automatic splicing mechanism 


(2) Antenna Position and Orientation Automatic Adjustment Mechanism 


The position and orientation automatic adjustment mechanism of the large antenna 
can automatically accomplish the adjustment, splicing and positioning locking of the 
relative position and orientation of the assembled antennas. The antenna position and 
orientation automatic adjustment mechanism adopts a motion platform with multi- 
degrees of freedom to achieve the position and orientation adjustment of the butting 
antenna in all directions, and complete the precise butting of the assembly. As shown 
in Fig. 10.37, the butting mechanism is composed of the driving sliders, turntable, 
lifting columns and bearing platform. The driving sliders are divided into X direction 
sliders and Y direction sliders, and they can drive the X and Y bearing platforms 
respectively so that the antenna can move in X and Y directions. The turntable can 
realize the rotation of the antenna around the Z axis. On the horizontal plane, the 
position control and location of the antenna can be realized by the driving sliders 
and the turntable. There are four lifting columns, and the four points supporting 
leveling solution is used to complete the leveling of the antenna and the translational 
motion in the Z direction. Compared with the three points leveling method, the 
supporting surface of the four points supporting leveling method is bigger, and the 
supporting points are less stressed. The butting mechanism has the advantages of 
simple structure, easily assured strength and rigidity, less driving links, and easily 
assured accuracy. 


(3) Driving Control Technology of Position and Orientation Adjustment Mecha- 
nism 


The servo control system in the automatic splicing system is the control backbone. 
It is a collection of special electronic equipment for performance detection, opera- 
tion control and Safety protection, and is comprised of the control computer, servo 
control circuits, logic protection circuits, input and output interfaces. The schematic 
diagram of the electrical control system of the butting verification system is shown 
in Fig. 10.38. After the butting process starts, the control computer collects all kinds 
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Fig. 10.38 The system diagram of antenna array surface automatic splicing 


of sensor data and calculates the relative positions of the cutting mechanism in the 
X, Y and Z axis directions. The data fusion is done according to a certain strategy 
algorithm, and the position errors of the butting mechanism in all directions are 
calculated. The butting process is sequentially carried out in the three directions fol- 
lowing the order of X, Y and Z, and is completed by two steps: coarse positioning 
and accurate positioning. 

According to the control strategy, the control software is designed by the modular- 
ization method, which is divided into modules such as initialization, data acquisition 
and processing, X-axis direction control, Y-axis direction control, and Z-axis direc- 
tion control. The functions of each module are as follows. 


(1) The initialization module: system reset, the initialization operation of input and 
output and internal variables of the PLC module. 

(2) The data acquisition and processing: collecting external information, such as 
instruction input, sensor data. 

(3) The X-axis control: controlling the X-axis direction according to the collected 
data. 

(4) The Y-axis control: controlling the Y-axis direction according to the collected 
data. 

(5) The Z-axis control: controlling the Z-axis direction according to the collected 
data. 
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10.3.4 Cooling Design Technology 


Like the requirements of all other radar systems, in order to ensure the proper opera- 
tion of a metric wave radar system, we need to ensure the proper and stable operation 
of the related electronic components. The necessary condition for the stable opera- 
tion of a metric wave radar system is that the power electronic components work at 
the appropriate temperature, so the feasible and reliable cooling design has become 
the key of the high reliability indexes of the metric wave radar. 

The common cooling design technology, based upon the primary cooling tech- 
nology, mainly includes natural cooling design technology, forced air cooling design 
technology and liquid cooling design technology. 


10.3.4.1 Natural Cooling Design Technology 


The natural cooling is one of the most widely used methods in the electronic equip- 
ment cooling. The radiation convection technology and the natural convection cool- 
ing technology belong to natural cooling technology. The cooling technology has 
the advantages of safety, reliability, low price and low maintenance cost. Therefore, 
when selecting the cooling form of electronic equipment, we should give priority to 
it when meeting the requirement of temperature rise control. The cooling technology 
of VHF radar control cabinet heat consumption is very low for electronic equipment. 


10.3.4.2 Forced Air Cooling Design Technology 


When the natural convection cooling is unable to stop the temperature rise of the 
device, it is necessary to rely on the external power (such as a fan) to provide cooling 
(i.e. forced cooling). Compared with the natural cooling technology, the heat dissi- 
pation capability of the forced air cooling technology is 10 times larger than that of 
the natural convection, although it faces the problem of cost, noise and complexity. 

For the forced air cooling technology, two problems should be considered: the 
fan selection and the duct design. The commonly used fans for electronic equipment 
are mainly separated into two kinds: the centrifugal fans and the axial fans. The 
working characteristics of the centrifugal fans are small air volume and high wind 
pressure. The working characteristics of the axial fans are large air volume and low 
wind pressure. The selection of the fans needs to be considered with the actual needs. 

Because the array surface of a metric wave radar has the characteristics of large 
heat source dispersion and good permeability, most electronic equipment of the array 
surface are cooled by forced air cooling. Although the heat dissipation capacity of 
the conventional forced air cooling technology is still greatly limited, in recent years, 
with the continuous advancement of heat conduction and expanded materials, such 
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Fig. 10.39 The antenna of a air-cooled metric wave radar 


as heat pipe, heat mean cavity and graphene, the heat dissipation capacity of forced 
air cooling can be further improved. The antenna of a Chinese 3D metric wave radar 
is shown in Fig. 10.39, which adopts the forced air cooling design. 


10.3.4.3 Liquid Cooling Design Technology 


Compared to the forced air cooling technology, the heat dissipation capacity of the 
liquid cooling technology can be further improved. The cooling technology can be 
used for the heat dissipation of the high heat flux density power devices. The liquid 
cooling technology can be separated into the direct liquid cooling technology and 
the indirect liquid cooling technology. 

The direct liquid cooling technology refers to that the heating parts of the elec- 
tronic devices are directly in contact with the coolants. For example, the electronic 
devices are directly impregnated in the inert liquids (such as fluorocarbons) or directly 
scoured by the inert droplets and jet flows, such as the liquid jet cooling technology 
and the liquid spray cooling technology. Generally, because of direct contact between 
the coolants and the electronic equipments, the direct liquid cooling technology has 
no intermediate heat transfer resistance, so it has very high heat dissipation capabil- 
ity. For example, if the liquid jet cooling is carried out by the scour of high speed 
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fluid, the heat transfer performance is closely related to the jet speed. When water is 
used as the cooling medium and the jet velocity reaches 47 m/s, its heat dissipation 
capacity is as high as 1700 W/cm. Though the cooling capacity of the direct liquid 
cooled cooling technology is very high, the direct liquid cooling technology is still 
in the exploration stage for the heat dissipation of a radar array surface, due to the 
limitations of inertia, insulation, electrical conductivity and reliability. 

The indirect liquid cooling technology is that the liquid coolants don’t directly con- 
tact with the heating elements, but firstly transfer heat to the heat exchangers through 
the heat conduction mode, then the heat is taken away by the cooling coolants of the 
heat exchangers, the cooling liquid is returned to the cold plates again, and finally 
the cooling effect is achieved through the circulation reciprocating mode. The liquid 
cooling system with this cooling technology is mainly composed of the cold plates, 
circular pipes, pumps and external heat exchangers. The cold plate indirect cooling 
is a relatively mature cooling technology, which is widely used for the radar array 
surface cooling. The cooling system with this cooling technology has the charac- 
teristics of simple structure, compact, high surface heat transfer coefficient, small 
temperature gradient, uniform heat load and large heat exchange area. The usual 
coolants include water, fluorocarbon, grease, ethanol, ethylene glycol solution etc. 

In recent years, because the heat flux density of the power devices in the metric 
wave radar is increasing, the heat flux density of the electronic devices in some metric 
wave radars can be 100 W/cm? or even higher, and it is also necessary to use the 
liquid cooling technology. Currently the liquid cooling technology mainly used in the 
metric wave radar is the indirect liquid cooling technology (Fig. 10.40). In addition, 
the metric wave radar has the characteristic of large heat source dispersion, so the 
distributed liquid cooling system can be used to replace the traditional centralized 
liquid cooling system to improve the flow distribution accuracy. 


10.3.4.4 Other Cooling Design Technology 


(1) Heat Pipe Technology 


The heat pipes developed in recent decades are the heat transfer elements with high 
thermal conductivity. The heat transfer between cold fluids and hot fluids is coupled 
by the phase transition processes of the working medium evaporation and condensa- 
tion in the heat pipes, and its equivalent thermal conductivity can be 103—104 times 
as great as that of the metal. The ordinary heat pipes are made up of the pipe shells, 
capillary porous materials, working liquids and cooling fins. The air in the tubes is 
removed to form the vacuum and fill up the pores in the capillary material with the 
liquids, and the tubes also need to be sealed. When the evaporation section is heated, 
the liquid in the capillary material evaporates, and flows from the adiabatic section 
to the condensing section. After cooling, the liquid depending on the capillary force 
action flows back to the evaporation section along the porous material. In this cycle, 
the heat is transferred from the heat pipe shell to the tube core, then transferred 
to the working medium, after that, transferred to the condensing section, and the 
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Fig. 10.40 The DAM structure diagram of a liquid cooling metric wave radar 


condensing section releases the heat through the condensation action. The heat pipe 
technology can transfer and expand the heat at specific locations, thus reducing the 
design difficulty of the cooling system. In the metric wave radar, the technology can 
be used in the DAMs and the DBF boxes (Fig. 10.41), for which it is difficult to 
achieve heat dissipation. 


(2) Semiconductor Refrigeration Technology 


The semiconductor refrigeration technology is also called the thermoelectric 
refrigeration technology, which uses thermoelectric effect (Peltier effect). It has some 
advantages, for example, it does not require any refrigerant and can achieve high pre- 
cision temperature control. It is suitable for some places which have restricted spaces 
and no refrigerant pollution, such as the semiconductor refrigeration closed cabinet 
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Fig. 10.41 The schematic 
diagram of the heat pipe used 
in the DBF inserting box 


+| 


heat pipe’ 


Fig. 10.42 A semiconductor refrigeration closed cabinet 


shown in Fig. 10.42. However, the cooling efficiency of semiconductor refrigeration 
technology is generally not high, and the power of a single semiconductor refriger- 
ation element is very small, which can only slightly reduce the system temperature. 
In order to use semiconductor refrigeration technology to achieve high power heat 
dissipation, a large number of semiconductor refrigeration elements are required to 
be combined into the electric stacks, which have the disadvantages of high cost and 
large volume. At present, the maximum heat dissipation capacity of the semicon- 
ductor refrigerator is only 100w/cm’, and the integrated thermoelectric film cooling 
technology has been used for cooling the high power lasers. 
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Chapter 11 A) 
System Tests and Demonstrations geai 


11.1 Introduction 


This chapter describes the antenna calibration tests and demonstrations, the radar 
airspace coverage, and the height-finding under different terrain conditions. 


11.2 Test and Demonstration of Transmitting/Receiving 
Calibration 


Because of the different components, the manufacturing tolerance, the assembly 
errors, etc., there are variations of initial amplitudes and phases among the phased 
array radar channels. To ensure good performances, it is required to accurately 
measure the differences of initial amplitudes and phases among the channels and 
conduct relevant compensations so as to make the antenna beams meet the design 
requirements. 


11.2.1 Interior Field Calibration of the Transmitting Channel 


When conducting the interior field calibration of the main radar transmitting chan- 
nels, the transmitting channels transmit according to a time sequence control. The 
transmitted power is sent to the calibration receiver (multiplexing with the blank- 
ing receiver) via calibration network coupler, power divider, and attenuator. The I/Q 
data output from the receiver are sent to the signal processing system to obtain the 
relative amplitudes and phases values of each transmitting channel under different 
frequencies. These data are saved in the signal processing system in order to be used 
during the transmitting. 
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11.2.2 Interior Field Calibration of the Receiving Channel 


When conducting the interior field calibration of the main radar receiving channels, 
the calibration signal sources of the transmitting/receiving system separately generate 
RF signals of different frequencies under the control of the receiving calibration 
triggering signal and frequency code generated in the signal processing system. The 
signals are coupled into individual receiving channels via attenuator, power divider, 
and calibration network. The digital I/Q calibrated data of each receiving channel 
are collected by the signal processing system, where they are analyzed to obtain 
the relative values of amplitudes and phases of the individual receiving channels for 
different frequencies. These data are stored in the signal processing system to be 
utilized during the receiving beamforming. 


11.3 Antenna Test and Demonstration 


11.3.1 Antenna Outfield Calibration Test and Demonstration 


The metric wave radar usually has a large antenna aperture. Because of the antenna 
structure limitation, the test of vertical plane beam cannot be conducted lying at 
horizontal direction. Hence, the slant-range field measurement method is generally 
used to carry out the far-field beam test of the metric wave radar antenna. Using a 
transmitting signal source mounted on a test tower, the receiving antenna horizontal 
plane beam is measured through the mechanical scanning of the antenna rotation 
pedestal whereas, the measurement of the vertical plane beam is accomplished via 
an electronic scan. 


11.3.1.1 Test Site 


When using the slant range measurement method for the antenna test, the test tower 
height is exploited to build the slant range antenna test site (the schematic diagram 
of the test site is shown in Fig. 11.1). The main site requirements are described as 
follows. 

The view factor requirement of the test site: There should be no barriers around 
the test site, such as high buildings, trees, etc., and only small stray electric waves 
exist. The test range is 
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reflection angle 


Fig. 11.1 Schematic diagram of slant range measurement method 
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Fig. 11.2 Block diagram of transmitting calibration coefficient processing 
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The transmitting antenna is designed to have large vertical aperture so as to 
decrease its the ground-touch level. The shielding net is mounted in the main reflec- 
tion area to reduce ground reflections. 


11.3.1.2 Test Procedures 


(1) As illustrated in Fig. 11.2, when performing antenna outfield calibration test, 
switch on the system to conduct the transmitting external calibration and gain 
CB. Under the same state, perform the internal calibration and gain CA. Then 
the value of CB/CA = B/A can be obtained. The value is completely generated 
by passive components and can be used for long. 

(2) As shown in Fig. 11.3, when conducting antenna outfield calibration test, switch 
on the system to perform the receiving external calibration and obtain BC. At 
the same time, conduct internal calibration and obtain AC. Then the value of 
BC/AC = B/A can be obtained. This value is completely generated by passive 
components and can be used for long. 
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Fig. 11.3 Block diagram of receiving calibration coefficient processing 


(3) When the radar is in normal mode, switch on the system every time to perform 
an internal calibration. The value of AC is obtained by measurement. This value 
is multiplied by B/A to obtain the amplitude and phase errors of the BC channel. 
Then the calibration coefficient W can be found using these values. 


11.3.2 Low Sidelobe Antenna Outfield Test 


For the metric wave 3D radar that uses digital beamforming (DBF) technique, the 
receive beamforming of the antenna is done in the system signal processing subunit 
and the transmitting beamforming is implemented by controlling the amplitude and 
phase parameters of multiple transmitting channels. The far field test of the antenna 
pattern is conducted on the whole system. 


11.3.2.1 Test of the Receiving Pattern 


When testing the antenna receiving pattern, the signals are received by the differ- 
ent elements of the antenna under test. These signals will go to DAM through both 
feedline and coupling calibration networks to be processed; after that, they are trans- 
ferred to the signal processing subunit via the optical fiber system to perform the 
digital beamforming; finally, the antenna pattern is obtained on the signal processing 
computer. 

The antenna horizontal receiving pattern test procedures are: 


(1) Set up the transmitting antenna on the antenna test tower platform. Set the 
pointing direction of the transmitting antenna (horizontal normal direction) at 
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(2) 


(3) 


(4) 


(5) 


(6) 
(7) 


the radar antenna and connect the test instruments according to the antenna test 
block diagram illustrated in Fig. 11.4. 

Level the radar rotation pedestal and aim the antenna horizontal pointing direc- 
tion to the transmitting antenna position on the test tower. Test the relative 
azimuth relation between the radar antenna and the transmitting antenna. At 
the same time, test the elevation relation between the radar antenna and the 
transmitting antenna. The angular relations are sent to the signal processing 
system. 

Switch on the radar system and turn on the test equipments and instruments. 
After conducting the internal calibration of the receiving channel, lift up the 
antenna to the normal operation mode. 

Adjust respectively the frequency of the transmitting antenna source signal 
and the radar operating frequency to the required test frequency. Using signal 
processing operations, adjust the antenna horizontal beam pointing direction 
to the test beam position and adjust the beam vertical plane to point at the 
transmitting antenna. 

Rotate the antenna by 360°. The antenna horizontal receiving pattern can be 
obtained directly on the signal processing computer via the signal acquisition 
system. 

By repeating the procedures (4)—(6), the antenna patterns at different frequencies 
can measured. 

Process the measured antenna patterns to determine the antenna parameters such 
as the horizontal beamwidth, horizontal sidelobe level, etc. 


As an example, the receiving horizontal sum/difference pattern test results of a 


metric wave radar at a specific beam position is given in Fig. 11.5. Its receiving 
horizontal pattern test results at individual beam positions are shown in Fig. 11.6. 


(1) 


The procedures for testing the antenna vertical receiving pattern are: 


Set up the transmitting antenna on the antenna test tower platform. Aim the 
pointing direction of the transmitting antenna (horizontal normal direction) at 
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Fig. 11.4 Block diagram of the antenna receiving pattern test 
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Fig. 11.5 Tested receiving 
horizontal sum/difference 
pattern at single beam 
position 
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Fig. 11.6 Receiving 
patterns at individual beam 
positions 
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the radar antenna and connect the test instruments according to the block diagram 
of antenna test illustrated in Fig. 11.4. 

(2) Level the radar rotation pedestal and aim the horizontal pointing direction of 
antenna at the transmitting antenna position on the test tower. Test the relative 
azimuth relation between the radar antenna and the transmitting antenna. At 
the same time, test the elevation relation between the radar antenna and the 
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transmitting antenna. The angular relations are sent to the signal processing 
system for use. 

(3) Switch on the radar system and turn on the test equipments and instruments. 
After conducting the internal calibration of receiving channel, lift up the antenna 
to the normal operation state. The horizontal normal direction of the antenna 
aims at the transmitting antenna. 

(4) Adjust the frequency of the transmitting antenna source signal and the radar 
operating frequency to the required test frequency. 

(5) Adjust the antenna beam to perform the receiving beam scanning in the range 
of 0—40° along vertical direction. Via the signal acquisition system, the vertical 
receiving pattern of the antenna can be obtained directly on the signal processing 
computer. 

(6) By repeating the procedures (4)—(6), the vertical patterns at different frequencies 
can measured. 

(7) Process the measured antenna patterns data to extract the antenna parameters 
such as the vertical beamwidth, sidelobe level, and so on. 


11.3.2.2 Test of the Transmitting Pattern 


During the antenna transmitting pattern test, the signal flow is: aim the antenna under 
test at the testing antenna. Switch on the radar transmitter. At the same time, Transfer 
the azimuth signal of the antenna rotation pedestal (or the antenna scanning pulse 
signal) to the test point on the tower. After the testing antenna received signal, use 
the azimuth pulse signal from the antenna under test as a trigger. The received RF 
signal is collected directly on the peak power meter. Finally, the antenna transmitting 
pattern can be obtained on the test computer. 
The procedures for testing the antenna horizontal transmitting pattern are: 


(1) Set up the transmitting antenna on the antenna test tower platform. Aim the 
pointing direction of the transmitting antenna (horizontal normal direction) at 
the radar antenna and connect well the test instruments according to the block 
diagram of antenna test illustrated in Fig. 11.7. 

(2) Level the radar rotation pedestal and aim the horizontal pointing direction of 
antenna at the transmitting antenna position on the test tower. Test the relative 
azimuth relation between the radar antenna and the transmitting antenna. At 
meanwhile, test the elevation relation between the radar antenna and the trans- 
mitting antenna. The angular relations are sent to the signal processing system 
for use. 

(3) Switch on the radar system and turn on the test equipments and instruments. 
After conducting the internal calibration of receiving channel, lift up the antenna 
to the normal operation state. 

(4) Adjust the radar operating frequency to the required test frequency. Through the 
signal processing control instructions, aim the pointing direction of the antenna 


368 11 System Tests and Demonstrations 


testing antenna 


antenna under test 


azimuth synchronizing signal 


test computer 


data collecting card 


optical cable 


azimuth synchronizing signal 


Fig. 11.7 Block diagram of transmitting pattern test 


vertical beam at the test antenna on the test tower. Meanwhile, transfer the 
azimuth pulse signal of the rotation pedestal to the test point on the tower. 

(5) Start the antenna pedestal and control its rotation speed within a proper range. 

(6) Start the software test. Through the signal acquisition system, the horizontal 
transmitting pattern of the antenna can be obtained directly on the signal pro- 
cessing computer. 

(7) Repeating the procedures (4)-(7), the horizontal patterns at different frequencies 
can measured in turn. 

(8) Conduct data processing of the measured horizontal transmitting patterns of the 
antenna to produce the parameters such as the horizontal beamwidth, sidelobe 
level, scanning range of transmitting beam, and so on. 


The test results of the horizontal transmitting patterns of a metric wave 3D radar 
at individual beam positions are given in Fig. 11.8. 
The procedures for testing the antenna vertical transmitting pattern are: 


(1) Set up the transmitting antenna on the platform of the antenna test tower. Aim 
the pointing direction of the transmitting antenna (horizontal normal direction) 
at the radar antenna and connect well the test instruments according to the block 
diagram of antenna test illustrated in Fig. 11.7. 

(2) Level the radar rotation pedestal and aim the horizontal pointing direction of 
antenna at the transmitting antenna position on the test tower. Test the relative 
azimuth relation between the radar antenna and the transmitting antenna. At 
meanwhile, test the elevation relation between the radar antenna and the trans- 
mitting antenna. The angular relations are sent to the signal processing system 
for use. 
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Fig. 11.8 Horizontal transmitting horizontal scanning pattern ( 45°~+45°) 
transmitting patterns at T A : 
individual beam positions 
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(3) Switch on the radar system and turn on the test equipments and instruments. 
After conducting the internal calibration of transmitting channel, lift up the 
antenna to the normal operation state. Aim at the horizontal normal direction of 
antenna at the testing antenna. 

(4) Adjust the radar operating frequency to the required test frequency. Through the 
signal processing control instructions, make the antenna beam perform scanning 
in the range of 0—40° along vertical direction. At the same time, transfer the beam 
scanning control pulse signal via optical cable to the test point on the tower to 
control the scanning speed in a proper range. 

(5) Start the test software. Through acquisition system, the vertical transmitting 
pattern of the antenna can be obtained directly on the signal processing computer. 

(6) Repeating the procedures (4)—-(6), the vertical transmitting patterns at different 
frequencies can measured in turn. 

(7) Conduct data processing of the measured antenna patterns to produce the param- 
eters such as the vertical beamwidth, sidelobe level, and so on. 


11.3.3 Test of the Sidelobe Cancellation Performance 


Modern radars are required to be able to cancel multiple jamming sources at the 
same time and reject any interference. In general, simulations are conducted to test 
the radar sidelobe cancellation performance in an open environment with no strong 
radiation objects. 
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11.3.3.1 Test Site 


The site requirements for the sidelobe cancellation test are as follows: 


(1) The radar site should bean open environment without any obstacles. For metric 
wave radars, there should be a flat ground between the jamming antenna and 
the radar antenna. The ground roughness should meet the Rayleigh criterion: 
AH < i/(M sinw), where, y is the grazing angle, and M is the flatness 
coefficient (generally taking 8-32); 

(2) The jamming antenna points to the +60° plane range of the radar antenna 
direction with no obvious reflecting points; 

(3) Far from the range R > 2p? (D is the horizontal aperture of the radar antenna), 
i.e., the two jamming antenna should be positioned around 300 m, from the 
radar so as to meet the antenna far-field test conditions. 


11.3.3.2 Test Procedures 


The procedures of the sidelobe cancellation performance test are: 


(1) Under far-field test conditions, set multiple jamming sources around the radar 
according to the radar under test specification requirements. The polarization 
of the jamming source antennas are the same as the polarization of the radar 
antenna. The jamming sources are spaced in azimuth by a distance no less than 
three times the radar antenna azimuth beamwidth, as shown in Fig. 11.9; 

(2) The height of the jamming antenna should not be lower than the lower edge of 
the radar antenna to ensure that the jamming antenna is in the beam; 

(3) The frequency of the jammer is set to be equal to the radar operating frequency. 
The jamming signal is chosen to be a noise modulation signal or a frequency 
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modulation continuous wave signal. The bandwidth of the jamming signal is 
equivalent to the radar waveform bandwidth; 

(4) Switch on the radar system. Turn on the jamming source and observe the raw 
video output. Rotate the radar antenna. When the antenna large azimuth sidelobe 
aims at the jammer, adjust the output signal power of the jammer to obtain a 
jamming-noise-ratio greater than 30 dB for. Adjust the other jammers so as to 
get the same jamming intensities; 

(5) Switch on all of the jammers and rotate the radar antenna. Aim the mainlobe of 
the beam under test at each jammer in turn and observe the raw video output of 
the beam under test. Choose the maximal value of the jamming signal intensity 
and mark it as Nmax; 

(6) Rotate the radar antenna slowly and observe the raw video output of the beam 
under test. When the mainlobe departs from the jammer direction by more than 
one azimuth resolution beamwidth, switch on one or more jammers respectively. 
When the jamming-noise-ratio is more than 30 dB, note the jamming signal 
intensities at this direction before and after sidelobe cancellations as N1 and N2 
respectively in the case of one or more jammers; 

(7) Continue to rotate the radar antenna slowly. Test and record the next N1 and N2 
at a given azimuth interval; 

(8) Compute the N1—N2 at all directions, which is the jamming suppression ratio 
of the radar after sidelobe cancellation in the case of multiple jammers. 


Figures 11.10 and 11.11 show examples of pictures on the terminal of a metric 
wave radar before and after sidelobe cancellation. Figure 11.12 shows the jamming 
suppression ratio test result of this radar after sidelobe cancellation in the case of two 
jammers. 


11.4 Test and Demonstration of Metric Wave Radar 
Airspace Coverage 


11.4.1 Test Method 


The airspace coverage performance of metric wave radar can be demonstrated by 
target flight detection at different altitudes. In practice, further demonstration of the 
metric wave radar actual detection capabilities can be made by the observing the 
routine training flights and civil airline flights, and accurately record the typical air 
situations. 
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Fig. 11.10 Jamming 
situation on a metric wave 
radar before sidelobe 
cancellation 


Fig. 11.11 Jamming 
situation on a metric wave 
radar after sidelobe 
cancellation (only mainlobe 
suffers jamming) 
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Fig. 11.12 Test results of n$ results of sidelobe cancellation in the case of 2 jammers 
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11.4.2 Performance Evaluation Based on Tested Data 


(1) Selection of the test flight route 


The target aircraft should perform radial flights forward and backward with respect 
to the radar station at different constant altitudes. Its speed should meet the specified 
flight speed requirement. Likewise, the heading error and altitude fluctuation should 
be small enough so as to meet the requirements. The actual altitude is the altitude 
measured by the GPS onboard the target aircraft. 


(2) Number of test flights 


The number of test flights is computed by: 


NVT 


Se (11.1) 
3600 x AR 


Fy 


where, AR—the range sampling interval; 

N—the number of observation points; for a probability of detection Pd = 0.8, 
a confidence level 1—a of 90%; a confidence interval of 0.683—0.888, the number 
of observation points N within the sampling interval is not less than 50. Moreover, 
if the probability of detection Pd = 0.5, the confidence level 1—a = 90%, and the 
confidence interval is 0.375—0.621, the corresponding number of observation points 
N within the sampling interval is not less than 50; 

T— observation period; 

V—aircraft relative speed (with respect to the radar); 

Fx—number of test flights, i.e., number of test flights required for each flight 
altitude. 

The number of test flights for the radar, in different operating modes can be 
calculated by the formula. 
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(3) Data collection 


Data collection is conducted in the automatic extraction mode. The data measured 
and reported by the operator on the display are viewed as the standard data. The target 
position data provided by the printer or recorded in the hard disk of the automatic 
extraction equipment are viewed as the reference data. 


(4) Data processing 


a. 


Computing the probability of detection 

The whole flight route at a specific test altitude is segmented with a range 
sampling interval of 20 km and the neighboring sampling intervals overlap 
10 km. The probability of detection at each sampling interval is given by 


P=M/N (11.2) 


where, P—probability of detection, 

N—number of observation points within range sampling interval, 
M—number of found points within range sampling interval. 

The value is taken as the probability of detection at the center of this range 
sampling interval. 

In the same way of counting the number of observation points and the num- 
ber of found points, the data at different altitudes is counted. Likewise, for a 
given altitude, the data is also counted respectively forwards or backwards 
radar station. For the observation point at the intersection of range sam- 
pling intervals, the counting is done only one time, and is considered as the 
observation point within the close range interval. 

Plotting the probability of detection curve 

Take the range as abscissa and the probability of detection as ordinate, and 
then plot the variation of the probability of detection with respect to the 
range in case of a target moving forward or a backward with respect to 
the radar station for specific test flight altitudes. After smoothing, find out 
the radar detection range Ro corresponding to the probability of detection 
specified in tactical and technical specifications. 

Calculating the maximal detection range of the radar in free space 

Take the coverage data at a specific altitude as a benchmark and the coverage 
data at other altitudes as references. Calculate the maximal detection range 
of the radar in free space and compute the confidence interval estimation. 
Plotting the vertical detection coverage diagram (coverage diagram) 
Select the exponential atmosphere model range-altitude-elevation relation 
drawing paper as the base map of the vertical detection coverage diagram 
of radar. The atmospheric refraction mode follows the exponential mode in 
GJB/z 87, where the coefficients Ns and Ce take the annual average values 
around China. 

On the selected base map, plot the vertical detection coverage diagram 
according to the following formula: 
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R = Rmax * F (11.3) 


where, R—radar detection range; 
Rmax—the maximal detection range of radar in free space; 
F—pattern propagation factor. 


(5) Test results 


On the basis of the actual number of observation points within the range sampling 
interval, check the relationship between the probability of detection confidence 
interval and the number of observation points to get the probability of detection 
confidence interval under the given confidence level. 

According to the probability of detection curve and the probability of detection 
confidence interval obtained by test, the detection range confidence interval under 
the given confidence level can be computed by the following expression: 


Ry = Ro = AR | pap, (PL — Po) (11.4) 
R= Ro = AR |p=p (Pu — Po) 
where, Pu—upper limit of detection probability; 
AR |p=p,—the reciprocal of the slope of detection probability at Po; 
P,_—lower limit of detection probability; 
Py—the specified detection probability; 
Ry—upper limit of detection range confidence; 
R_—lower limit of detection range confidence. 


11.4.3 An Example of Performance Evaluation 


Take the performance evaluation test of the airspace coverage of a metric wave 
radar as an example. Figures 11.13, 11.14, 11.15 and 11.16 respectively give the test 
pictures and the probability of detection statistics of the radar at different altitudes. 
Based on the above performance evaluation method, the statistic diagram of the 
probability of detection is formed using the test data. From the diagram, it is easy to 
obtain the radar detection range corresponding to the required probability of detec- 
tion. On this basis, the maximal detection range of the radar in free space under 
different test flight altitudes can be calculated. According to the probability of detec- 
tion statistic diagram, the radar’s airspace coverage continuity and low-elevation 
coverage performance can be checked. It is shown from a number of tests in dif- 
ferent terrain conditions that the advanced metric wave radar performed airspace 
coverage continuity and low-elevation line-of-sight detection performance. 
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Fig. 11.13 Test picture of a metric wave radar with a target at 11,300 m in altitude 


Fig. 11.14 Detection 1.2 5 — — 
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11.5 Height-Finding Tests and Demonstrations in Different 
Terrain Environments 


11.5.1 Test Method 


A metric wave radar is set up on different sites. The data collected under several 
typical sites are analyzed to demonstrate the height-finding effect of the metric wave 
radar for different reflection surfaces. 

The height-finding algorithms includes: alternating projection 
maximum likelihood (APML) algorithm, synthetic steering vector maximum 
likelihood (SVML) algorithm, spatial smoothing MUSIC (SSMUSIC) algorithm, 
synthetic steering vector MUSIC (SVMUSIC) algorithm, multi-dimensional 
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Fig. 11.15 Test picture of a metric wave radar with a target at 2100 m in altitude 


Fig. 11.16 Detection 1.27 
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alternating projection synthetic steering vector maximum likelihood (AP-SVML) 
algorithm, and adaptive beamforming (ADBF) algorithm. The feasibilities and 
application ranges of these algorithms are demonstrated through the measured data. 


11.5.2 Performance Evaluation Based on Test Data 


(1) Flat and smooth reflection surface (water surface) 


The radar is set up near a lake and the lake surface becomes the reflection surface. 
The APML algorithm and the SVML algorithm are used to process the measured 
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data. The results are shown in Fig. 11.17. Figure 11.17a is the target flight trajectory, 
the arrowhead indicates the target motion direction, and the target is flying away 
from the radar station toward the east; Fig. 11.17b—e show the variation with respect 
of the target range, of the elevation measurement value, the elevation measurement 
error, the height measurement value, and the height measurement error respectively. 

It can be seen from the data processing results that, in general, both APML algo- 
rithm and SVML algorithm can implement metric wave radar height finding in the 
case of flat reflection surface, but the APML algorithm has a great fluctuation in 
angle measurement due to the effect of the multipath echo and the beam splitting. 
As acomparison, the SVML algorithm can achieve higher angle measurement accu- 
racy and height finding accuracy. Statistically, along the whole flight route, the rms 
errors of angle measurement and height finding of APML algorithm are 0.26° and 
587.8 m respectively; the corresponding rms errors of SVML algorithm are 0.13° and 
353.6 m respectively. The measured data show that the SVML algorithm based on ter- 
rain matching can estimate the target elevation in multipath environment effectively 
and achieve higher angle measurement accuracy and height finding accuracy. 


(2) Fluctuant and gentle ground surfaces 


The radar is set up in a clear field and the reflection surface is fluctuant and gentle 
ground surface. The SSMUSIC algorithm and the SVMUSIC algorithm are used 
to process the measured data. SVMUSIC-1 and SVMUSIC-?2 represent the terrain- 
ignored synthetic steering vector MUSIC algorithm and terrain-matched synthetic 
steering vector MUSIC algorithm respectively. The results are shown in Fig. 11.18. 
Figure | 1.18a is the target flight trajectory, the arrowhead indicates the target motion 
direction, and the target is flying away from the radar station toward the east; 
Fig. 11.18b is the curve of the elevation measurement value changing with the target 
range; Fig. 11.18c is the curve of the elevation measurement error changing with 
the target range; Fig. 11.18d is the curve of the height measurement value varying 
with the target range; and Fig. 11.18e is the curve of the height measurement error 
varying with the target range. 

It can be seen from the measured data that, when the target is in high elevation 
region, that is, flying along the flight route 50-160 km, there is an influence of ter- 
rain on the angle estimation. The SVMUSIC-1 has the maximal angle measurement 
error. The result provided by secondary radar is taken as the true value, then the 
elevation rms error and height rms error are 0.31° and 495.8 m respectively. The 
SSMUSIC algorithm is impacted by multipath echoes and there is a large fluctuation 
in angle measurement. The elevation rms error and height rms error are 0.12° and 
217.2 m. When the target is in low elevation region, that is, flying along the flight 
route 160-500 km, the SSMUSIC algorithm is impacted strongly by multipath and 
beam splitting, which results in irresolution of the target and its mirror-image as well 
as large height measurement error. In comparison, the SVMUSIC-2 algorithm is able 
to estimate the elevation of the target under multipath environment effectively and 
also can achieve higher angle and height measurement accuracies. In high elevation 
region, the elevation rms error and the height rms error are 0.05° and 68.5 m respec- 
tively. In low elevation region, the elevation rms error and the height rms error are 
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Fig. 11.17 Processing results of the measured data in water surface scene 
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Fig. 11.18 Processing results of the measured data condition of fluctuant and gentle ground surface 
scene 
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0.06° and 329.6 m respectively. The measured data proves that the synthetic steering 
vector MUSIC algorithm based on terrain matching can estimate target elevation in 
multipath environment effectively and achieve higher angle and height measurement 
accuracies. 


(3) City reflection surface 


The radar is set up near a city. The buildings and trees constitute irregular reflec- 
tion surfaces. The synthetic steering vector maximum likelihood (SVML) algorithm 
only counting in specular reflection and the multi-dimensional alternating projection 
synthetic steering vector maximum likelihood (AP-SVML) algorithm counting in 
diffuse reflection are used to process the measured data. The processing results are 
given in Fig. 11.19. Figure 11.19a is the target flight trajectory, the arrowhead indi- 
cates the target motion direction, and the target is flying tangentially toward the east; 
Fig. 11.19b is the relationship curve of target’s plot and range; Fig. 11.19c is the curve 
of the elevation measurement value changing with the target plot; Fig. 11.19d is the 
curve of the elevation measurement error varying with the target plot; Fig. 11.19e is 
the curve of the height measurement value varying with the target plot; and Fig. 11.19f 
is the curve of the height measurement error varying with the target plot. 

It can be seen from the measured data that, when the reflection surface is com- 
plex, the synthetic steering vector maximum likelihood (SVML) algorithm counting 
in specular reflection only cannot achieve good results. This is because the signal 
from rough surface is the sum of the specular reflection component and the diffuse 
reflection component when the ground surface roughness fails to meet the Rayleigh 
criteria. But the diffuse reflection component takes large proportion. Comparatively, 
the multi-dimensional alternating projection synthetic steering vector maximum like- 
lihood (AP-S VML) algorithm counting in diffuse reflection can achieve higher angle 
and height measurement accuracies. Statistically, along the whole flight route, the 
rms errors of angle measurement and height measurement of the SVML algorithm 
are 0.56° and 1315.6 m respectively and the rms errors of angle measurement and 
height measurement of AP-SVML algorithm are 0.18° and 320.2 m respectively. 


(4) Mountain reflection surface 


The radar is set up on the top of a hill (163 m above the sea level) and the reflection 
is the fluctuant and steep ground surface. The terrain matching maximum likeli- 
hood algorithm and the adaptive beamforming algorithm are used to process the 
measured data. The results are shown in Fig. 11.20, where, Fig. 11.20a is the target 
flight trajectory; Fig. 11.20b is the relationship between the target plot and range; 
Fig. 11.20c is the curve of the elevation measurement value changing with the target 
plot; Fig. 11.20d is the curve of the elevation measurement error changing with the 
target plot; Fig. 11.20e is the curve of the height measurement value varying with the 
target range; and Fig. 11.20f is the curve of the height measurement error varying 
with the target plot. 

It can be seen from the measured data that, when the radar is set up on the hill 
and the reflection surface is very complex, the synthetic steering vector maximum 
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Fig. 11.19 Processing results of the measured data in city reflection surface scene 
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Fig. 11.20 Processing results of the measured data in mountain reflection surface scene 
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likelihood algorithm based on terrain matching fails to obtain good results. Com- 
paratively, the adaptive beamforming algorithm can achieve higher angle and height 
measurement accuracies. Statistically, along the whole flight route, the rms errors of 
angle measurement and height measurement of the maximum likelihood algorithm 
based on terrain matching are 0.53° and 1215.6 m respectively and the rms errors of 
angle measurement and height measurement of the adaptive beamforming (ADBF) 
algorithm are 0.22° and 654.2 m. 

Based on the analysis of the measured data, the reasonable design can be made 
regarding the low-elevation height-finding in metric wave radar. For flat site, the 
ML algorithm based on terrain matching can be used. For rough site, the multi- 
dimensional alternating projection synthetic steering vector ML algorithm counting 
in diffuse reflection can be selected. For high mountain site, the height finding algo- 
rithm based on adaptive beamforming is a good candidate. The processing methods 
for the above three classes of sites involve all of the possible site conditions and 
basically resolve the height finding issues of metric wave radar under different sites. 

In practice, most sites are not solely flat, rough, or high mountain sites, but are 
a hybrid of multiple terrains, i.e., the complex site environments. Any of the above 
height-finding algorithms cannot meet the height-finding requirement of a complex 
site. Aiming at the complex site environment including multiple terrains, it is needed 
to uniformly divide the azimuth zone into N sectors and set the algorithm selection 
flag bits for selecting the effective algorithm suitable for each sector. For a target 
located in a specific azimuth sector, the corresponding algorithm is chosen to perform 
height-finding processing. By reasonable choice and combined utilization of the three 
height-finding algorithms, the optimal height-finding effect can be achieved. 

The comprehensive utilization of the three algorithms not only holds the height 
finding advantage of the terrain matching maximum likelihood algorithm, but also 
enhances the site adaptability and solves the difficult problem of the radar height 
finding in fluctuant sites and high mountain sites. The solution is suitable for hybrid 
and complex site environments. The three algorithms form a complete height finding 
algorithm system and provide robust height finding algorithms for metric wave radar. 


Bibliography 


1. Schmidt R. Multiple Emitter Location and Signal Parameter Estimation [J]. IEEE Trans on 
Antennas and Propagation, 1986, 34(3):276-280. 

2. Roy R, Kailath T. ESPRIT-Estimation of Signal Parameters via Rotational Invariance Tech- 
niques [J]. IEEE Trans on Acoustics, Speech and Signal Processing, 1989, 37(7):984—-995. 

3. Wang Yongliang. Spatial Spectrum Estimation Theories and Algorithms [M]. Beijing: Tsinghua 
University Press, 2004. 

4. Stoica P, Arye N. MUSIC, Maximum Likelihood, and Cramer-Rao Bound [J]. IEEE Trans on 
Acoustics, Speech and Signal Processing, 1989, 37(5):720-741. 

5. Krim H, Viberg M. Two Decades of Array Signal Processing Research: the Parametric 
Approach [J]. Signal Processing Magazine, IEEE, 1996, 13(4):67-94. 

6. Ziskind I, Wax M. Maximum Likelihood Localization of Multiple Sources by Alternating Pro- 
jection [J]. IEEE Trans on Acoustics, Speech and Signal Processing, 1988, 36(10):1553-1560. 


Bibliography 385 


7. Lo T, Litva J. Use of a Highly Deterministic Multipath Signal Model in Low-Angle Tracking 
[C] // Radar and Signal Processing, IEE Proceedings, 1991, 138(2):163-171. 

8. Meng Y, Wong K M, Wu Q. Estimation of the Direction of Arrival of Spread Source in Sensor 
Array Processing [C] // Proc. ICSP, 1993(10): 430-434. 

9. Yang Xueya. Study on Array Super-Resolution and Altitude Measurement in VHF Radar [D]. 
Xi’an: Xidian University, 2011. 

10. Zhu Wei. Study on Low-Angle Altitude Measurement in VHF Radar [D]. Xi’an: Xidian Uni- 

versity, 2013. 


